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ABSTRACT 

Most marine metagenomic studies of the marine photic zone analyze only samples taken at one or two 

depths. However, when the water column is stratified, physicochemical parameters change dramatically 25 

over relatively short depth intervals. We sampled the photic water column every 15m depth at a single 

point of an off-shore Mediterranean site during a period of strong stratification (early autumn) to evaluate 

the effects of small depth increases on the microbiome. Using genomic assembly and metagenomic read 

recruitment, we found major shifts in the community structure over small variations of depth, with most 

microbes showing a distribution limited to layers approximately 30 meters thick (stenobathic). Only some 30 

representatives of the SAR11 clade and the Sphingomonadaceae appeared to be eurybathic, spanning a 

greater range of depths. These results were confirmed by studying a single gene (rhodopsin) for which 

we also found narrow depth distributions. Our results highlight the importance of considering vertical 

distribution as a major element when analyzing the presence of marine clades and species or comparing 

the microbiome present at different locations. 35 

Key words: photic zone, deep chlorophyll maximum, Mediterranean, stratification, stenobathic. 

 

INTRODUCTION 

The open ocean is one of the largest and most biologically productive microbial habitats in the biosphere. 

However, it is far from a homogenous habitat and environmental conditions are strongly affected by depth 40 

in the water column (Delong et al., 2006; Konstantinidis et al., 2009). As depth increases, many 

environmental factors change. Among them, light attenuation is of paramount importance since the 

availability of light is critical for primary productivity and hence is the main limiting factor for organic matter 

production throughout the water column (Letelier et al., 2004). However, many other parameters change 

with depth, particularly temperature, salinity and inorganic nutrient availability (mostly nitrate and 45 

phosphate, although others such as iron or silicate can play a significant role for some biological groups). 

The main divide in aquatic environments tends to be between the photic zone, where light allows 

photosynthesis, and the aphotic, beyond the compensation depth, where the available light (if any) is 

insufficient to drive photosynthesis. The differences of the microbiome between the photic and aphotic 

zone have been extensively illustrated and analyzed by multiple approaches (Delong et al., 2006; Ferreira 50 

et al., 2014; Walsh et al., 2015; Shi et al., 2011). In the same way, global ocean scale studies such as 

those derived from the Sorcerer II Global Ocean Sampling (GOS) (Rusch et al., 2007) or the recent Tara 

Oceans expedition (Sunagawa et al., 2015) have provided essential baseline information to explore the 

spatial profile of the surface ocean microbial communities on a global scale but not the vertical distribution 
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throughout the water column. In these studies, the photic zone, which is the most biologically relevant, is 55 

mostly considered to be a homogeneous single ecological compartment and what is found out for a single 

depth often considered representative of the complete photic water column. However, most of the off-

shore oceanic waters are permanently or seasonally stratified creating strong shifts of environmental 

parameters that affect epipelagic communities inhabiting the photic zone proper (Cram et al., 2014; 

López-Pérez et al., 2016).  60 

The Mediterranean is a nearly closed sea that represents a model of the global ocean. The water column 

is seasonally stratified, typically from March to November. A characteristic and extensively studied 

phenomenon associated with this stratification is the formation of the deep chlorophyll maximum (DCM) 

(Christaki et al., 2011), a maximum in chlorophyll concentration that associated with an increase in 

bioavailable pools of N and P diffusing from the mixed layer below the seasonal thermocline (Denaro et 65 

al., 2013). In the Mediterranean, the DCM appears between 45 and 70 m deep (Estrada et al., 2004) 

depending on the light penetration (season of the year and water biological productivity). The water 

column is fully mixed during the winter due to the relatively warm deep water mass (ca. 13ºC) and the 

absence of a permanent thermocline (Estrada et al., 2004; Ghai et al., 2010). The Mediterranean is 

oligotrophic overall because it has a negative hydric balance (more evaporation than fresh water inputs) 70 

and the incoming flow of Atlantic surface water through the Gibraltar straits rim is compensated by the 

deep outward current that pumps nutrients back into the deep Atlantic (Harmelin and Dhondt, 1993). 

The majority of studies are focused on surface samples or DCM alone (Delong et al., 2006; Rusch et al., 

2007; Ghai et al., 2010) and a detailed profile of the stratified water column using the power of high 

throughput metagenomics is missing to date. Furthermore, in some previous studies, it is not guaranteed 75 

that the water column was stratified at the time of sampling (Sunagawa et al., 2015). There are still many 

knowledge gaps regarding the microbes, particularly the prokaryotic ones that occupy the photic zone. 

This study is the first to use high throughput metagenomics to analyse a fine-scale profile (every 15m) of 

microbial communities in a stratified and mature (early autumn) Western Mediterranean water column. 

We detected marked stratification at the level of large clades, but mostly at finer taxonomic levels 80 

(species), that reflect adaptation of microbial species to live at defined ranges of depth in the water 

column.  

METHODS 

Sampling, sequencing, assembly and annotation. Seven samples from different depths were taken for 

metagenomic analyses on 15th October 2015 at a single site from the Western Mediterranean 85 

(37.35361ºN, 0.286194ºW), approximately 60 nautical miles off the coast of Alicante, Spain from the 

research vessel “García del Cid”. Six seawater samples (200 L each) were collected from the uppermost 

100 m at 15 m intervals using a hose attached to a CTD (Seabird) deployed without the rosette and 

.CC-BY-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted May 5, 2017. ; https://doi.org/10.1101/134635doi: bioRxiv preprint 

https://doi.org/10.1101/134635
http://creativecommons.org/licenses/by-nd/4.0/


4 

connected to a water pump in order to directly transfer seawater from selected depth to the filtration 

system and thus minimize sample storage time and potential bottle effects (Supplementary Figure 1). 90 

Each sample was filtered in less than 30 minutes. Another sample from a depth of 1000 m, was taken the 

next day (16th October) in two casts (100 L each) using the CTD rosette. For comparison, another sample 

from a depth of 60 m was collected on September 12, 2015 from a location closer to the coast, 

approximately 20 nautical miles off the coast of Alicante (38.06851ºN, 0.231994ºW; bottom depth of 200 

m), using the direct filtration method described above. Purposefully, samples were not collected from the 95 

surface since they are known to be inherently patchy spatially and temporally due to the hydrodynamic 

action of wind and currents, and can be affected by the presence of the ship used for sampling. 

All seawater samples were sequentially filtered on board through 20, 5 and 0.22 μm pore size 

polycarbonate filters (Millipore). All filters were immediately frozen on dry ice and stored at -80ºC until 

processing. DNA extraction was performed from the 0.22 μm filter as previously described (Martin-100 

Cuadrado et al., 2008). Metagenomes were sequencing using Illumina Hiseq-4000 (150 bp, paired-end 

read) (Macrogen, Republic of Korea). Individual metagenomes were assembled using IDBA-UD (Peng et 

al., 2012). The resulting genes on the assembled contigs were predicted using Prodigal (Hyatt et al., 

2010). tRNA and rRNA genes were predicted using tRNAscan-SE (Lowe and Eddy, 1996), ssu-align 

(Nawrocki, 2009) and meta-rna (Huang et al., 2009). Predicted protein sequences were compared 105 

against NCBI NR, COG (Tatusov et al., 2001) and TIGFRAM (Haft et al., 2001) databases using 

USEARCH6 (Edgar, 2010) for taxonomic and functional annotation. GC content, average genome size 

and richness in each sample were calculated using the gecee program from the EMBOSS package (Rice 

et al., 2000), MicrobeCensus (Nayfach and Pollard, 2015) and MEGAN6 Community Edition (Huson et al., 

2016), respectively. 110 

 

Environmental metadata. Vertical profiles of temperature and chlorophyll-a concentration were 

determined in situ using a temperature profiler including a fluorometer (Seabird). Analyses of chemical 

variables and microbial counts were performed on the same samples retrieved for the metagenomics 

analyses. Chemical analyses included the measurement of inorganic soluble forms of nitrogen (NOx and 115 

ammonium) and phosphorus (soluble reactive phosphorus), and of total nitrogen (TN) and total 

phosphorus (TP), all of them following standard analytical methods (Eaton et al., 1992). Total organic 

carbon (TOC) was also determined on acidified samples using a Shimadzu TOC-VCSN Analyzer. To 

refine the results given by the fluorometric probe used in situ, photosynthetic pigments were further 

determined by HPLC on a Waters HPLC system after filtration of the samples onto GF/F filters and 120 

extraction in acetone (Picazo et al., 2013). 
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Microbial counts. A Coulter Cytomics FC500 flow cytometer (Brea, California, USA) equipped with an 

argon laser (488 excitation) and a red emitting diode (635 excitation) was used to perform flow cytometric 

counts of picoplankton samples. Analyses were run for 160 seconds at the highest possible single flow 

rate (128μL min−1). Data were collected using the Beckman Coulter software for acquisition “CXP Version 125 

2.2 Acquisition” and the analysis of the data was performed using Beckman Coulter software for analysis 

“CXP Version 2.2 Analysis”. Relative DNA content was determined by Sybr Green I (Sigma-Aldrich, 

Missouri, USA) fluorescence at 525 nm. The abundance of autotrophic picoplankton was determined by 

measuring chlorophyll a and phycobiliprotein autofluorescence excited by the argon laser and the red 

diode. Synechococcus and Prochlorococcus cells were differentiated by both their fluorometric and size 130 

features as previously described (Marie et al., 1997). 

Phylogenetic classification. A non-redundant version of the RDP database (Cole et al., 2014) was 

prepared by clustering all available 16S/18S rRNA gene sequences (ca. 2.3 million) into approximately 

800,000 clusters at 90% identity level using UCLUST (Robert C Edgar, 2010). This database was used to 

identify candidate 16S/18S rRNA gene sequences in the raw metagenomes (subsets of 10 million reads). 135 

Using USEARCH, sequences that matched this database (e-value < 10-5) were considered potential 16S 

rRNA sequences. These candidates were then aligned to archaeal, bacterial and eukaryal 16S/18S rRNA 

HMM models (Eddy, 1995) using ssu-align to identify true sequences (Nawrocki, 2009). Final 16S/18S 

rRNA sequences were compared to the entire RDP database and classified into a high level taxon if the 

sequence identity was ≥80% and the alignment length ≥90 bp. Sequences failing these thresholds were 140 

discarded. 

 

Binning and genome reconstruction. Assembled contigs longer than 10 kb were assigned a high level 

taxon classification if >50% of the genes shared the same taxonomy (Supplementary Figure 3). Contigs 

were then binned together using principal component analysis of tetranucleotide frequencies, GC content 145 

and coverage values within their source metagenome. Tetranucleotide frequencies were computed using 

wordfreq program in the EMBOSS package (Rice et al., 2000). Principal component analysis was 

performed using the FACTOMINER package (Lê et al., 2008) in R. Completeness of the genomes was 

estimated by comparison against two different universal gene sets, one with 35 genes (Raes et al., 2007) 

and another with 111 genes (Albertsen et al., 2013). Additionally, the degree of contamination was 150 

estimated with CheckM (Parks et al., 2015). In order to improve the completeness and remove the 

redundancy, a second assembly step was performed combining the genomic fragments with the short 

paired-end Illumina reads of the metagenomes from they were assembled. For each genome, we used 

the BWA aligner (Li and Durbin, 2009) with default parameters to retrieve the short paired reads that 

mapped onto the contigs. These reads were then pooled and assembled together with the contigs using 155 

SPAdes (Bankevich et al., 2012). 

.CC-BY-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted May 5, 2017. ; https://doi.org/10.1101/134635doi: bioRxiv preprint 

https://doi.org/10.1101/134635
http://creativecommons.org/licenses/by-nd/4.0/


6 

Metagenomic read recruitments. The genomes of known marine microbes along with genomes 

reconstructed in this study were used to recruit reads from our metagenomic datasets using BLASTN 

(Altschul et al., 1997), using a cut-off of 99% nucleotide identity over a minimum alignment length of 50 

nucleotides. Genomes that recruited less than three reads per kilobase of genome per gigabase of 160 

metagenome (RPKG) were discarded. 

Phylogenomic trees of the reconstructed genomes. Phylogenomic analysis was used to classify and 

identify the closest relatives for all reconstructed genomes. Using HMMscan, we aligned the sequences 

against the COG database. Shared proteins were concatenated and aligned using Kalign (Lassmann and 

Sonnhammer, 2005). A maximum-likelihood tree was then constructed using MEGA 7.0 (Kumar et al., 165 

2016) with the following parameters: Jones-Taylor-Thornton model, gamma distribution with five discrete 

categories, 100 bootstraps. Positions with less than 80% site coverage were eliminated. 

Metagenomic cross-comparisons. Two different approaches were used to compare similarities 

between metagenomic samples. First, a reciprocal global alignment of the short Illumina reads (in subsets 

of 2 million of reads ≥ 50 bp) at ≥ 95% identity was performed using USEARCH6 (Edgar, 2010). Results 170 

of the comparison were then clustered with the hclust package in R using an euclidean distance matrix. In 

a second approach, subsets of 20 million of reads ≥ 50 bp (where applicable) were taxonomically 

classified against the NR database using DIAMOND (Buchfink et al., 2015) with a minimum of 50% 

identity and 50% alignment. The resulting alignment was later analyzed with MEGAN6 Community Edition 

(Huson et al., 2016), and a canonical correspondence analysis (CCA) was inferred with the cluster 175 

analysis option and a Bray-Curtis ecological distance matrix. 

Rhodopsin. 168 rhodopsin sequences were extracted from all the metagenomes from assembled contigs 

longer than 5Kb. These sequences were pooled with one hundred more rhodopsins of fungal, archaeal, 

viral and bacterial origin obtained from databases. Sequences were aligned with MUSCLE (Edgar, 2004) 

and a Maximum-Likelihood tree was constructed with MEGA 7.0 (Jones-Taylor-Thornton model, gamma 180 

distribution with five discrete categories, 100 bootstraps, positions with less than 80% site coverage were 

eliminated). Blue versus green light absorption was determined as described previously (Man et al., 2003). 

To compare the abundance of microbial rhodospins with depth, we initially created a database containing 

our metagenomic rhodopsin sequences and approximately 7900 rhodopsin genes obtained from the 

MicRhoDE database (http://micrhode.sb-roscoff.fr). Metagenomic reads (in subsets of 20 million 185 

sequences) were recruited to these rhodopsin sequences using BLASTN (≥50bp alignment, ≥99% 

identity). Rhodopsin sequences that recruited ≥ 1RPKG were kept for further analyses. In parallel, 

metagenomic reads were compared to the NR database using DIAMOND (blastx option, top hit, ≥ 50% 

identity, ≥ 50% alignment length, e-value < 10-5). The abundance of rhodopsin genes in each 

metagenome was estimated from the number reads matching rhodopsin sequences in NR, normalized by 190 
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the number of reads matching recA/radA sequences. Reads matching viral or eukaryal proteins were not 

taken into account. 

SAR11 clade analyses. All the available Ca. Pelagibacter genomes were downloaded from the NCBI 

database, but only those longer than 300 Kb were selected. Average nucleotide identities (ANI) and 

average amino acid identity (AAI) among SAR11 representatives were calculated using BLASTN and 195 

CompareM (https://github.com/dparks1134/CompareM) respectively, with thresholds of 50% (60% for ANI) 

identity and 50% alignment. SAR11 genomes were grouped into clusters based on the ANI and AAI 

results. The abundance of the SAR11 genomes was estimated using established approaches (Tsementzi 

et al., 2016). Briefly, a reference protein database was built containing all the available SAR11 genomes 

(52). To this database, we added predicted proteins from all the reference genomes used for 200 

metagenomic recruitments in this study (385), as well as all predicted proteins from our assembled 

contigs ≥10 Kb that were not taxonomically classified as Alphaproteobacteria (6,871 contigs). Potential 

SAR11 reads were extracted from the metagenomic reads using DIAMOND (blastx option, top hit, ≥50% 

identity, ≥50% alignment length, evalue < 10-5), thus defining the fragments that can be considered bona 

fide Pelagibacterales. The number of orthologous genes (OG) among these clusters was identified using 205 

rbm.rb and ogs.mcl.rb from the enve-omics collection (Rodriguez-r and Konstantinidis, 2016). Then, the 

potential Pelagibacter reads were used to quantify the abundance of each clade within the metagenomes. 

Using DIAMOND (blastx option, top hit, ≥50% identity, ≥50% alignment length, evalue <10-5), best hits 

against the OGs of each subcluster were counted as a recruited item. The value was normalized by gene 

size (bp) and number of Pelagibacter reads for each metagenome. 210 

Data availability. Metagenomic datasets have been submitted to NCBI SRA, and are available under  

BioProjects accession number PRJNA352798 (Med-OCT2015-15m, Med-OCT2015-30m, Med-OCT2015-

45m, Med-OCT2015-60m, Med-OCT2015-75m, Med-OCT2015-90m, Med-OCT2015-1000m and Med-

OCT2015-2000m) and PRJNA257723 (Med-SEP2015_HS). The reconstructed genomes have been 

deposited as BioSample  NNNNNNNXXX to NNNNNNXXX under BioProject PRJNA352798. 215 

 

RESULTS  

Seawater samples from six depths in the photic zone were collected at 15 m intervals (15, 30, 45, 60, 75 

and 90 m) on a single day. For comparison, we also collected another two samples: one from 1000 m 

from the same site as above and another sample from 60 m at a different site. With the exception of the 220 

1000 m sample, all samples were collected using a hose directly connected to the filtration apparatus to 

minimize processing time and to avoid bottle effects (Supplementary Figure 1). Metadata and sequencing 

results are described in Table 1. 
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Variability of environmental parameters 

Because of the prolonged physical isolation and accumulation of settled organic matter during the 225 

summer stratification period, bottom waters are richer in both dissolved and particulate inorganic nutrients 

(N, P) (Table 1). However, layers within the DCM are typically the richest of the photic zone both in term 

of biomass accumulation and N and P availability. Chlorophyll-a measurements indicated that the DCM 

occurred between 40-60 m depth, just below the seasonal thermocline (Figure 1a). Chlorophyll-a 

measurements reached 0.8 mg•m-3, almost one order of magnitude above those from surface waters and 230 

hundred times those of deep (1000m) waters. Absolute maximal abundances of planktonic 

picoprokaryotes for the whole water column, especially Prochlorococcus (nearly 3.2 x104 cells mL-1) and, 

to a lesser extent, also Synechococcus (1.35 x104 cells mL-1), were found in the DCM peak. These values 

were 1-2 orders of magnitudes higher than in surface waters. The distribution of Phrochlorococcus cells 

was wider than that of Synechococcus (Figure 1a), as previously described (Partensky et al., 1999). 235 

Overall community structure and depth 

Using the percentage identity of individual reads between metagenomes, we examined the relationship 

between the eight sequenced samples (Figure 1c). As expected, samples clustered by depth, with three 

main branches corresponding to i) upper photic (UP, 15 and 30 m), ii) DCM (45 and 60 m) and iii) lower 

photic (LP, 75 and 90 m). A separate sample from 60m depth collected from the DCM in a comparable 240 

environment closer to the coast (20 instead than 60 nautical miles, bottom depth 200 m) one month 

before the vertical profile clustered with the off-shore 60m depth sample. As expected the bathypelagic 

1000 m sample appeared as an outgroup to all photic zone samples. Independently, canonical correlation 

analysis (CCA) of read annotations and environmental parameters confirmed the clustering of samples 

according to depth (Figure 1d). Inorganic nutrients (e.g., NOx and PO43-) increased with depth, while 245 

ammonia correlated closely with chlorophyll a, and total organic carbon (TOC) increased at the surface 

together with water temperature. These results clearly indicate that depth is a greater driver of community 

composition than distance from shore. 

General genomic parameters also varied with depth (Supplementary Figure 2). GC content and average 

genomes size were smaller at 15 m (ca. 38.2% and 2.5 Mb) and higher at 1000 (ca. 44.5% and 3.8 Mb), 250 

while remaining relative constant throughout the photic zone deeper than 15m (ca. 42% and 3.5 Mb). The 

lower GC content observed in near-surface stratified waters has been suggested to be a natural 

adaptation to reduce N demand in these environments with severe depletion of bioavailable N pools (Luo 

et al., 2015). In the photic zone, average genome size was greatest in the DCM (approximately 4 Mb at 

45 m), decreasing to approximately to 3 Mb in the 90 m sample. However in the bathypelagic sample 255 

(1000 m), the average estimated genome size increased again to approximately 4 Mb. Measurements of 

Simpson's Diversity Index at both genus and species level clearly indicated that bacterial diversity 
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increased continuously with depth (Supplementary Figure 2). The 15 m sample was the least diverse of 

the photic zone, with a marked domination of Pelagibacterales. At this depth, high light intensity and 

nutrient depletion generate conditions that can be considered extreme and that may result in the survival 260 

of only a few microbial taxa. In deeper waters, diversity increased with depth, particularly at the species 

level, reaching a maximum at our deepest sample at 1000 m (Supplementary Figure 2). The larger 

diversity and genome size of microbes in bathypelagic waters might correlate with a capacity to degrade 

or use a larger number of different substrate compounds. 

Metagenome derived 16S rRNA profiles revealed broad, depth-dependent variations in taxonomic range 265 

(Figure 1b). Archaea, absent in the UP region, represent nearly 16% of the population at 90 m. In the 

DCM and LP samples, Euryarchaeota remained constant (ca. 5%), while Thaumarchaeota increased 

from 1% in the 45 m sample to 10% of all the rRNA reads in the 90 m sample. The abundance of 

Thaumarchaeota correlated with a sharp decrease in ammonia concentration, although the main increase 

in Thaumarchaeota occurred at 60 m while ammonia concentrations decreased most at 75 m (Figure 1 270 

and Table 1). Whereas Actinobacteria, Bacteroidetes, Cyanobacteria and Marinimicrobia were present in 

the whole water column, Deltaproteobacteria, Planctomycetes, Chloroflexi and Acidobacteria had a much 

more restricted range, appearing in deeper layers of the photic zone (Figure 1). Interestingly, 

Verrucomicrobia were present at all depths except the 45 m sample (Figure 1b). Using finer-scale 

taxonomic classification of the 16S rRNA sequences, we found that UP (15 and 30 m) Verrucomicrobia 275 

belonged to the Puniceicoccaceae, whereas members of the Verrucomicrobiaceae were found 

predominantly below the DCM (Supplementary Table 1). The proportion of 16S rRNA reads assigned to 

unclassified bacteria also increased with depth, from 3% at 15 m to more than 10% at 90m, indicating that 

a significant fraction of the microbes at the subsurface are still uncharacterized. 

Fine taxonomic profile: genome recruitments 280 

Unfortunately, the broad organismal distributions detected by 16S rRNA genes or raw sequence 

annotation methods described above do not shed light on more subtle, but ecologically significant, 

variations of community structure or metabolic function that likely occur at the finer levels of diversity, 

such as species, ecotypes or even clonal lineages within species (Biller et al., 2014; Kashtan et al., 2014; 

Bendall et al., 2016; Gonzaga et al., 2012). To investigate the distribution of major ecotypes present in 285 

the water column, we used stringent recruitment of metagenomic reads to assemblies of locally 

predominant genomes. In general, genome assembly improved proportionally to the abundance of the 

phylum. However, we found that genomes of representatives from the Bacteroidetes, Actinobacteria and 

Acidobacteria assembled better than expected (Supplementary Figure 3). On the other hand, 

Cyanobacteria and Thaumarchaeota assembled much more poorly. These differences in ease of genome 290 

assembly are likely driven by variations in the amount of intraspecies diversity and intragenomic 
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heterogeneity. As such, we obtained very few long contigs belonging to either the Pelagibacterales or the 

picocyanobacteria, despite the abundance of reads assigned to both groups (Figure 1b). Both groups are 

known to possess enormous intra-species diversity (Grote et al., 2012), explaining why assembly for 

these two major components of the bacterioplankton was very poor. Genome assembly improves when 295 

individually assembled clones have very different genomes or when small numbers of clones 

predominate. In contrast, intragenomic redundancy (e.g., multiple copies of rRNA genes or IS elements) 

would complicate assembly. However, redundancy is expected to be low in oligotrophic marine 

environment that tend to be dominated by streamlined genomes. 

Overall, we have retrieved 44 genomes belonging to those phyla in which we obtained more than 8Mb of 300 

assembled contigs (Supplementary Table 2 and Supplementary Figure 3), using a combination of 

different parameters such as GC content, metagenomics read coverage, and tetranucleotide frequencies. 

These genomes were classified phylogenomically using concatenated sequences of conserved proteins 

(Figure 2 and Supplementary Figures 4-10). Additionally, Figure 2 shows the recruitment of the 

assembled genomes plus several reference genomes from public databases that recruited at least three 305 

RPKG of coverage with a similarity >99% in our metagenomic profile. The complete list of the 74 

genomes and their recruitment values is given in Supplementary Table 3. 

Actinobacteria 

We reconstructed two genomes belonging to the bacterial phylum Actinobacteria from our metagenomes, 

MED-G01 belonging to the subclass Acidimicrobidae (Mizuno et al., 2015) and MED-G02 belonging to 310 

the subclass “Ca. Actinomarinidae” (Ghai et al., 2013) (Supplementary Figure 4). MED-G01 (1.96Mb, 

53.1% GC content) was most closely related to MedAcidi-G3 (2.1Mb, 50-52%GC content), a genome 

previously reconstructed from a Mediterranean metagenome (Mizuno et al., 2015). These two genomes, 

alone with four additional reconstructed genomes from the same study (Mizuno et al., 2015), recruited 

significant numbers of reads (RPKG ≥ 3) from our photic zone datasets, predominantly in the DCM (45, 315 

60 and 75 m). MedAcidi-G1 showed a wider distribution down to 90 m; whereas MedAcidi-G2A was found 

exclusively at 60 m. MED-G02 belongs to the subclass “Ca. Actinomarinidae” (72.9% ANI) that is widely 

distributed in the photic zone in marine waters (Ghai et al., 2013). However, while Ca. Actinomarina 

minuta, the original representative reconstructed from a DCM fosmid library, and the single amplified 

genome (SAG) SCGC-AAA015-M09 recruited the most at 15 m decreasing with depth (Figure 2), MED-320 

G02 showed a clear maximum at 60 m.  

Alphaproteobacteria 

Alphaproteobacteria represented the largest lineage in our metagenomic dataset, particularly in the photic 

zone (Figure 1). The more than 50Mb of assembled contigs affiliated with Alphaproteobacteria fell into 
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eight different bins and, based on a phylogenomic tree of concatenated proteins, were classified into five 325 

distinct clades: PS1, Rhodobacterales, Sphingomonadales, SAR11 and SAR116 (Supplementary Figure 

5). MED-G09 clustered with the reference genomes of the PS1 clade (Jimenez-Infante et al., 2014), 

RS24 and IMCC14465. Although these strains were cultivated from a surface seawater sample, 

recruitment analysis showed that MED-G09 was found only at the DCM and at much lower levels deeper 

in the photic zone (Figure 2). MED-G07 and G08 were associated with members of the family 330 

Rhodobacteraceae within the ubiquitous and versatile Roseobacter clade (Supplementary Figure 5). 

These genomes contained genes for bacteriochlorophyll-based aerobic anoxygenic phototrophy, a 

common feature of this group. However both genomes showed different depth preferences, with MED-

G07 found exclusively at 15 m, and MED-G08 most abundant for 30 to 60 m. MED-G03 belongs to the 

family Sphingomonadaceae that have been characterized by the ability to degrade a broad range of 335 

polycyclic aromatic hydrocarbons and polysaccharides (Balkwill et al., 2006). This was the largest 

genome assembled with 3.15Mb. MED-G03 was most closely related to Sphingomonas sp. SKA58 and 

Sphingobium lactosutens, and had an ANI of ca. 84% to both of these genomes, consistent with a new 

species within the genus. Although MED-G03 consisted of contigs from the 15 m metagenome, 

recruitment analysis indicated that it was most abundant at 1000 m (RPKG= 19). MED-G04, G05 and 340 

G06 belonged to the SAR116 clade, a ubiquitous group of heterotrophic bacteria inhabiting the surface of 

the ocean (Giovannoni and Vergin, 2012). All three genomes were restricted to the 15 m sample and 

were most closely related to the HIMB100 and “Candidatus Puniceispirillum marinum” IMCC1322 

genomes (Supplementary Figure 5). MED-G10 clustered together with HIMB59  (Supplementary Figure 

5), a pure culture often considered representative of the SAR11 subclade V but which is only distantly to 345 

other members of the SAR11 clade (Viklund et al., 2013). 

SAR11 subclade of Alphaproteobacteria 

Based on rRNA data, the most abundant clade was SAR11. However, as mentioned above, assembly of 

SAR11 genomes from our metagenomes was very poor. Furthermore, the SAR11 genomes available in 

public databases were very different from the contigs assembled here. We were able to assemble six 350 

genomes but using only contigs coming from LP metagenomes were the genomic variability was likely 

smaller (Supplementary Table 2). To estimate the abundance of different SAR11 subclades we used 46 

available SAR11 genomes and our six assemblies to conduct recruitment analysis using previously 

described methodology (Tsementzi et al., 2016). We performed a new reclassification of the SAR11 

subclades based on pairwise comparisons using both average amino acid identity (AAI) and average 355 

nucleotide identity (ANI) distances, obtaining 11 different subclades (Supplementary Figure 11). Subtype 

Ic is thought to be most prevalent in deep waters (Thrash et al., 2014) and recruited more than 40% of the 

SAR11 reads at 1000m (Figure 3). Although, the remaining SAR11 subtypes were widespread throughout 

the entire water column and could be considered eurybathic (Figure 3), many appeared to be most 
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abundant at discreet depths. For instance subclade IaA was found predominantly in the DCM and LP 360 

depths (below 45 m), subclade IaD was most abundant at the DCM and subclade IaC appeared to prefer 

UP (15 and 30 m). Members of the subclades IaB and IaE together with IIaB were the most prevalent in 

all depths while subclades IIaA, III and V were the least abundant. The reconstructed genome 

Pelagibacterales MED-G39, belonging to subclade IaC (Supplementary Figure 11), showed the highest 

recruitment value of all the microbes analyzed throughout in the water column (RPKG=398 at 15 m). 365 

Furthermore, this genome recruited the most from all Mediterranean surface metagenomes but not at all 

from surface metagenomes from other ocean provinces (TARA and our own; Supplementary Table 4). 

MED-G39 may represent the most abundant and endemic Mediterranean Pelagibacter since it was not 

present anywhere else. 

Bacteroidetes 370 

Bacteroidetes was the third most abundant group in number of assembled contigs (1,209) and 

assemblies clustered into twelve new genomic bins, the highest number of any taxon in this study. 

Members of this group have been characterized as particle-attached microbes that degrade polymeric 

organic matter, mainly polysaccharides and proteins (Fernández-Gómez et al., 2013). Phylogenomic 

analysis placed MED-G12, MED-G16, MED-G18 and MED-G19 genomes into the new proposed phylum 375 

Rhodothermaeota (Munoz et al., 2016) (Supplementary Figure 6). MED-G12, with a GC content of 41%, 

clustered together with some members of the family Balneolaceae and was found only in the first 30 

meters. MED-G16, MED-G18 and MED-G19 formed an independent new group with lower GC (ca. 30%), 

each with a distinct distribution pattern. MED-G18 was mainly localized at 30 m, whereas MED-G16 was 

found from 45 to 75m and MED-G15 between 75m and 90m. Four genomes, MED-G11, MED-G14, MED-380 

G15 and MED-G22, were classified into the order Flavobacteriales. MED-G11 and MED-G14 belong to 

the family Cryomorphaceae, whereas MED-G15 and MED-G22 could represent a new family 

(Supplementary Figure 6). MED-G11 was widely distributed from 30 to 90 m. In contrast, the other 

Flavobacteriales genomes were found exclusively at 15m. The rest of the genomes retrieved designated 

only as “Bacteroidetes” belonged to new taxa (Supplementary Figure 6) since the average nucleotide and 385 

amino acid identities to the closest relatives was very low. They only recruited at the UP (15 and 30m). 

Genomic analysis of the reconstructed Bacteroidetes genomes indicated they encoded less metabolic 

diversity with an overrepresentation of polysaccharide degrading enzymes. 

Cyanobacteria 

Cyanobacteria play an essential role in marine primary production (Field et al., 1998) and carbon fixation 390 

(Zwirglmaier et al., 2007) in the ocean. The vast majority of cyanobacterial sequences were classified into 

the genera Prochlorococcus and Synechococcus based on the annotation of our assembled contigs and 

rRNA analyses. The assembly of both groups was very poor (only 4.2 Mb in total). However, all contigs 
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gave very high identity (>99%) to known genomes of cultivated representatives such as Prochlorococcus 

MED4 or NATL1A. We analyzed the presence of all 32 available genomes of cultivated representatives 395 

(23 Synechococcus and 9 Prochlorococcus) belonging to the different clades or ecotypes within each 

genus (Figure 2 and Supplementary Figure 7). Only six of genomes gave significant recruitment values in 

our metagenomes (Figure 2). Strains Synechococcus WH8102 and WH8103, motile members of the 

clade III, were dominant within this clade but were only detected at UP depths. Similar results were 

reported at a nearby sampling station (Balearic Sea, NW Mediterranean) using hybridization with clade-400 

specific 16S rRNA oligonucleotide probes (Mella-Flores et al., 2011). Synechococcus strains KORDI-49 

and RCC307, belonging to subclusters 5.1 and 5.3-III respectively, exhibited a similar distribution pattern, 

although restricted only to the 15 m sample. In contrast, only two of the nine of available Prochlorococcus 

genomes recruited significantly from our metagenomes: MED4, a high-light (HLI)-adapted ecotype, and 

NATL1A, a low-light (LLI) ecotype. As expected based on prior studies (Garczarek et al., 2007; Biller et 405 

al., 2014), recruitments showed a clear stratification of MED4 and NATL1A along the profile. The first 45 

m were dominated by Prochlorococcus MED4 (HLI), with a peak at 30 m, whereas Prochlorococcus 

NATL1A (LLI) predominated at DCM depths (Figure 2). In addition to their adaptation to light availability, 

the distribution of MED4 and NATL1A also correlated with their overall physiology (Tolonen et al., 2006; 

Thompson et al., 2011). 410 

Gammaproteobacteria 

A total of 2,498 assembled contigs (the second largest number), clustering into seven distinct genomic 

bins, were assigned to the bacterial Gammaproteobacteria clade. Five of these genomic bins were 

affiliated with the oligotrophic marine gammaproteobacteria (OMG) group (Cho and Giovannoni, 2004) 

within the environmental clades SAR92, OM60/NOR5 and OM182. Phylogenomic analysis  placed MED-415 

G26 and G27 genomes in the OM60/NOR5 clade (Supplementary Figure 8), which contains aerobic 

anoxygenic photoheterotrophic bacteria commonly detected throughout the euphotic zone of marine 

environments especially in coastal waters (Yan et al., 2009). These genomes showed low ANI values (ca. 

70%) compared to the closest cultivated relative, HIMB55 (Supplementary Figure 8). MED-G26 contained 

a complete photosynthetic super-operon containing the cluster of genes related to bacteriochlorophyll 420 

biosynthetic pathway, subunits of the light-harvesting complex and carotenoid biosynthetic pathway. This 

gene cluster was only partially present in the close relative MED-G27. Aerobic anoxygenic 

photoheterotrophs play an important role in the ocean’s carbon cycle supplementing Chla-based 

photosynthesis and contributing up to 5.7% of the total phototrophic energy, mainly in the surface layer, 

since they are not affected by photoinhibition (Jiao et al., 2010). Accordingly, both genomes showed a 425 

similar distribution pattern restricted only to the UP (Figure 2a).  
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MED-G29, restricted to the 30 m sample, belonged to the ubiquitous gammaproteobacterial clade SAR92 

represented by the cultivated strains HTCC2207 and MOLA455. Both strains contain a proteorhodopsin 

gene followed by an operon containing genes that are presumably involved in the synthesis of retinal. 

However, no proteorhodopsin gene could be found in MED-G29. MED-G24 and G28 were identified as a 430 

member of the OM182 group. However, while the presence of MED-G24 was restricted only to the DCM, 

MED-G28 showed a broader range of distribution (from 45 to 90m). 

Members of the recently designated SUP05 clade of marine gammaproteobacterial sulfur oxidizers 

(GSOs) are among the most abundant chemoautotrophs in the ocean and are mainly found in low-oxygen 

environments (Glaubitz et al., 2013; Walsh et al., 2009). Phylogenomic analysis placed MED-G23 and 435 

G25 within the SUP05 clade (Supplementary Figure 8). Both genomes contain clusters of genes involved 

in chemotrophic sulfur oxidation including the dissimilatory sulfite reductase (dsrAB), the sulfur-oxidation 

cluster (soxABXYZ) or the adenylyl-sulfate reductase (aprABM). These are common features of the 

SUP05 group that provide the capability to reduce several sulfur compounds. G23 and G25 had low ANI 

(<70%) and displayed nearly opposite depth distributions, with MED-G23 present in the UP and MED-440 

G25 in the LP. The presence of these organisms in oxygenated photic zone layers is at odds with prior 

reports of SUP05 distributions (Swan et al., 2011). However, it has been suggested that members of this 

group may be metabolically mixotrophic with the ability to use also organic carbon. Alternatively, they may 

be using organosulfur compounds such as dimethyl sulphide (DMS), an important product of marine 

algae (Marshall and Morris, 2012), as electron donors. This metabolic plasticity may contribute to broaden 445 

their ecological distribution within the water column, depending on their dominant metabolism. 

Verrucomicrobia 

Members of the Verrucomicrobia have recently been shown to degrade polysaccharides and may play an 

important role in the carbon cycle of freshwater, marine and soil environments (Cardman et al., 2014). 

Most of the isolated and reconstructed genomes of marine Verrucomicrobia came from surface samples 450 

(Yoon et al., 2007; Mavromatis et al., 2010; Hugerth et al., 2015). For the phylogenomic classification of 

the bins we have included representatives of reconstructed genomes from the Baltic Sea (Hugerth et al., 

2015), single cell genomes, and genomes from the family Opitutaceae. The resulting phylogenomic tree 

(Supplementary Figure 9) showed that our three bins cluster with a reconstructed genome from the Baltic 

Sea (Opitutaceae bacterium BACL24 MAG 120322 bin51) and the reference genome Coraliomargarita 455 

akajimensis DSM 45211 (family Puniceicoccaceae), albeit with low ANI values (ca. 75%). MED-G30 GC 

content was similar to C. akajimensis (ca. 53%) while MED-G31 and MED-G32 showed lower GC values 

(42.9 and 38.3, respectively). They were all localized in the UP (Figure 2a). These genomes encoded a 

large number of peptidases, esterases, glycoside hydrolases, carbohydrate lyases and sulfatases (e.g. 

iduronate-2-sulfatase, arylsulfatase A, arylsulfatase B), providing these microbes with the capacity of 460 
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degrading complex carbohydrates, as shown for other marine Verrucomicrobia (Cardman et al., 2014). 

Sulfatases hydrolyze sulfate esters and may be important to utilize sulphated polysaccharides very 

prevalent in marine algae (Painter, 1983). Interestingly, the presence of the glgABP genes involved in 

glycogen synthesis in our genomes indicate that they can store glucose in the form of glycogen, as 

described previously for a verrucomicrobial methanotroph isolated from a microbial mat (Khadem et al., 465 

2012) and in a hypersaline lake (Spring et al., 2016). 

Archaea 

Six reconstructed genomes belonged to the marine Euryarchaeota. Further analysis confirmed that all of 

them belonged to the same cluster (Supplementary Figure 10), marine group II Euryarchaeota, known to 

be prevalent throughout the photic zone (Martin-Cuadrado et al., 2014). Whereas MED-G33 was closely 470 

related to MG2-GG3 (Iverson et al., 2012), assembled from an estuary in the North Pacific, the remaining 

bins MED-G34 to MED-G38 were related with the recently described Thalassoarchaea (Martin-Cuadrado 

et al., 2014) assembled from the western Mediterranean Sea, near our sampling site. None of the 

reconstructed genomes recruited from 1000 m (Figure 2) but most appeared at the lower photic zone 

(DCM and LP) and only MED-G38 was present at 30 and 60m. At 45m only the previously assembled 475 

Thalassoarchaea bin recruited with RPKG values >40, showing a remarkable preference for that depth. 

Although we could not assign any contig to the marine group III Euryarchaeota, the recruitment of the 

previously described EUIII-Epi2 and EUIII-Epi6 (Haro-Moreno et al., 2017) showed that they were also 

present at the DCM. Ca. Nitrosopelagicus brevis (Santoro et al., 2015) was the only thaumarchaeon that 

recruited significantly in our metagenomes and appeared to be restricted to the LP (Figure 2a). The 480 

presence of these presumably ammonia-oxidizing archaea was correlated with the detection of oxidized 

nitrogen compounds (nitrite and nitrate) and with a dramatic reduction of available ammonium (Table 1). 

Although the affinity for ammonium of some members of this clade may allow them to compete with 

phototrophs (Martens-Habbena et al., 2009), it is unclear whether all members of the Thaumarchaeota 

share this characteristic. Furthermore, ammonia-oxidizing archaea have been shown to be inhibited by 485 

light (Merbt et al., 2012; French et al., 2012), which may also explain their absence from the upper 

reaches of the photic zone. 

 

Depth stratification of rhodopsins   

Rhodopsins have been shown to be among the most widespread genes in the photic zone worldwide 490 

(Fuhrman et al., 2008; Pinhassi et al., 2016). They are very diverse and distributed throughout most taxa. 

We evaluated the numbers of rhodopsins among the individual reads and calculated their frequency per 

genome, normalizing by the number of single copy housekeeping genes (recA and radA) found in the 

sample (Figure 4b). The total numbers of rhodopsin-assigned reads were clearly correlated to light 
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intensity, from a maximum at 15 m where ca. 45% of the genomes contain a rhodopsin, and decreasing 495 

with depth. 

We assembled 168 rhodopsin genes throughout the water column. All were classified at least to the 

phylum level based on flanking genes (Figure 4a and b). Phylogenetic analysis revealed the enormous 

diversity of this gene family and at least eleven major evolutionary lineages. All the assembled rhodopsin 

genes clustered with previously described groups indicating that surveys may have be saturating the 500 

extant diversity of rhodopsins, at least in the oligotrophic ocean photic zone. Rhodopsin sequences 

clustered primarily by phylum, with the exception of euryarchaeal rhodopsins as previously reported 

(Iverson et al., 2012; Haro-Moreno et al., 2017). Within the proteorhodopsin cluster, we could clearly 

differentiate another bacterial cluster including only Bacteroidetes sequences (Figure 4a). Within clusters, 

rhodopsin sequences also clustered by depth, with many branches containing only upper or lower photic 505 

zone varieties. This confirms the stenobathic character of most groups at the finer level of diversity 

resolution.  

Rhodopsin genes from our metagenomic assemblies and from the MicRhoDE database (Boeuf et al., 

2015) were used to recruit reads from the different depths (Figure 4c). We saw no correlation between 

the predicted absorption spectrum (blue versus green light) of the rhodopsins and the depth from which 510 

they recruited the most reads. In contrast, we did see a consistent pattern correlation between the 

absorption spectrum and the phylogenetic affiliation of the host genome: Bacteroidetes and 

Actinobacteria all carry green rhodopsins while Proteobacteria have largely the blue variety. The findings 

suggest, as previously reported (Sabehi et al., 2007; Pinhassi et al., 2016), that the spectral tuning of 

rhodopsins may not be related to depth adaptation but may involve other physiological characteristics that 515 

remain undiscovered. 

DISCUSSION  

Stratified systems are widespread on Earth, from microbial mats to meromictic lakes and the temperate 

ocean. All have in common strong vertical gradients of physico-chemical parameters (Christaki et al., 

2011; Bolhuis et al., 2014). The enormous scale of the oceanic environment make the upper 100 m seem 520 

relatively small but throughout this stretch of the water column is where the most significant changes 

occur (Scalan and West, 2002). In contrast, the aphotic zone is much more homogenous and, in the case 

of the Mediterranean, which has no permanent thermocline (D’Ortenzio et al., 2005), likely even more so. 

The main variation would be the decrease in DOM due to the gradual consumption by the microbiota that 

is not regenerated by primary productivity.  525 

The vast majority of the microbial genomes recruited very unevenly, particularly considering that all the 

samples were collected on the same day (except the 1000m). All the genomes recruited much more at 
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one single specific depth and most (ca. 70%) recruited only at either one or two contiguous depth 

metagenomes. This indicates that the distribution of most of these microbes extends only over a 30 m 

thick layer within the ca. 100 m deep photic zone. Only one of the photic zone genomes, 530 

Sphingomonadaceae MED-G03, recruited at the 1000m sample. This genome recruited actually more at 

this depth and it could be the only truly eurybathic microbe among the ones assembled here. The 

actinobacterial genomes seemed to be the next most eurybathic and, although they were always more 

prevalent at a single depth, they were detectable at four depths, with the exception of the single cell 

genome SCGC−AAA015−M09 (Swan et al., 2013) (only found at 15 and 30m). The Alphaproteobacteria 535 

(with the exception of the Pelagibacterales), like most Bacteroidetes and Gammaproteobacteria were only 

detected at one or two depths. Of particular note, Pelagibacter MED-G39 was found exclusively in the 

Mediterranean Sea, a truly endemic microorganism, and was also the most abundant genome in samples 

throughout this body of water. 

We also found biological stratification at multiple levels of diversity, from higher taxonomic levels (class, 540 

orders and families), to closely related microbes belonging probably to the same species (Figures 1 and 

2). In addition to these layers of diversity, there are still others associated with the flexible genomes 

(Rodriguez-Valera et al., 2016) that cannot be assembled from metagenomics datasets (because it varies 

from one clone to another) that allow each taxonomic unit of the species rank to adjust to microniche 

diversity (Kashtan et al., 2014; Rodriguez-Valera et al., 2009). Our work illustrates again the enormous 545 

diversity displayed by prokaryotic cells in an environment considered relatively homogeneous. 

It is worthwhile noting that the Mediterranean only remains stratified during 6-7 months and that the water 

column is nearly fully mixed the rest of the year. Therefore, it is likely that the fine stratification discovered 

for many of these microbes develops over a relatively short time span. Deep dwellers such as the 

Euryarchaea of MGII (Hugoni et al., 2013; Martin-Cuadrado et al., 2014) that are transported to the 550 

surface in winter, disappear or migrate during the summer to be found only in the LP, whereas the 

opposite happens to surface dwellers. This finding has important ramifications for global marine studies 

that most often take only surface or, at most, one single subsurface photic zone sample. Furthermore, we 

believe that surface samples should be avoided whenever possible, particularly in stratified water 

columns, since they tend to be extremely patchy and are also potentially contaminated by the proximity of 555 

the research vessel/sampling device. What is more, most microbes are likely less active at the surface, at 

least during the summer, due to the strong UV light and the depletion of nutrients (Moore et al., 2002; 

Moutin and Raimbault, 2002). Depth in the water column is, as shown here, the single most important 

factor that structures the community in the open ocean (Delong et al., 2006). Therefore, fine profiles like 

the one described here are essential before other likely less critical gradients are approached. 560 
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Figure and Table Legends: 795 

Figure 1. a) Vertical profile of the temperature and chlorophyll a measurements, along with the 

abundance of heterotrophic bacteria, Synechococcus and Prochlorococcus representatives. b) Class-

level composition based on 16S rRNA (raw reads) of the different depth metagenomes. c) Dendrogram of 

metagenomic datasets raw sequence similarity. Sample represented by a blue square belongs to a 

different sampling site closer to the coast. d) Canonical correlation analysis between physicochemical 800 

parameters and read annotation similarity. Chl-a: chlorophyll-a, TOC: total organic carbon. 

Figure 2. a) Relative abundance of the reconstructed and reference genomes measured by recruitment 

(RPKG, Reads per Kilobase of genome and Gigabase of metagenome) from the different depths 

metagenomes. To show the relationships among genomes, a maximum likelihood genome tree was 

constructed using all the conserved proteins (number in coloured square). Each reconstructed genome 805 

(in blue). has been assigned a name derived from their position in the phylogenomic tree built with the 

closest known relatives from databases and presented in the Supplementary figures 4 to 9). Black 

genomes are from previously reported works (cultures, SAGs or reconstructed genomes from 

metagenomes)  

Figure 3. Relative abundance at different depths of SAR11 subclades. Percentage of reads belonging to 810 

the SAR11 clades in shown on the right panel. 

Figure 4. a) Phylogenetic tree of rhodopsin genes detected in the different depth metagenomes. 

Sequences obtained in this work are represented according to depth and colour absorption (green or 

blue). b) Number of assembled rhodopsin genes at different depths. Reads annotated as rhodopsin 

normalized by the number of recA+radA (estimated rhodopsin genes per genome) are indicated by red 815 

circles. c) Recruitment of all rhodopsins including those obtained in this work together with the publicly 

available in the MicRhoDE database. Left panel, rhodopsins classified according to their taxa of origin. 

Right panel, average number of blue/green rhodopsins for each depth.  
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Table 1. Summary statistics of the sampling, sequencing and assembly parameters. 

 820 

 

.CC-BY-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted May 5, 2017. ; https://doi.org/10.1101/134635doi: bioRxiv preprint 

https://doi.org/10.1101/134635
http://creativecommons.org/licenses/by-nd/4.0/


b

c d

102 103 104 105 106

.CC-BY-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted May 5, 2017. ; https://doi.org/10.1101/134635doi: bioRxiv preprint 

https://doi.org/10.1101/134635
http://creativecommons.org/licenses/by-nd/4.0/


#RPKG

Actinobacteria

Ca. Actinomarinales MED-G02
SCGC−AAA015−M09
Ca. Actinomarina minuta
MedAcidi−G2A
MedAcidi−G2B
MedAcidi−G1
MedAcidi−G3
Acidimicrobiales MED-G01

10
00

m

15
m

30
m

45
m

60
m

75
m

90
m

Synechococcus WH8103
Synechococcus WH8102
Synechococcus Kordi49
Synechococcus RCC307
P. marinus NATL1A
P. marinus MED4

10
00

m

15
m

30
m

45
m

60
m

75
m

90
m

502

SCGC−AAA536−K22
SCGC−AAA536−G10
HIMB59 MED-G10
SAR116 MED-G06
SAR116 MED-G05
SAR116 MED-G04
Sphingomonadaceae MED-G03
Rhodobacteraceae MED-G08
Rhodobacteraceae MED-G07
PS1 MED-G09

104

Alphaproteobacteria

Flavobacteriales MED-G22
Flavobacteriales MED-G15
Cryomorphaceae MED-G14
Cryomorphaceae MED-G11
Bacteroidetes MED−G13
Bacteroidetes MED−G20
Rhodothermaeota MED-G19
Rhodothermaeota MED-G16
Rhodothermaeota MED-G18
Rhodothermaeota MED-G12
Bacteroidetes MED−G17
Bacteroidetes MED-G21

29

Bacteroidetes

Cyanobacteria

SUP05 MED-G25
SUP05 MED-G23
SAR86A
OM60/NOR5 MED-G27
OM60/NOR5 MED-G26
SAR92 MED-G29
OM182 MED-G28
OM182 MED-G24

154

Gammaproteobacteria

Puniceicoccaceae MED-G32
Puniceicoccaceae MED-G31
Puniceicoccaceae MED-G30

356

Verrucomicrobia

Ca. Nitrosopelagicus brevis

Thaumarchaeota

CG EUIII Epi2
EUII MED−G33
MGII−GG3
EUII Thalassoarchaea
EUII MED−G37
EUII MED−G36
EUII MED−G34
EUII MED−G35
EUII MED−G38

64

Euryarchaeota

CG EUIII Epi6

Ca. Pelagibacter sp. HTCC7211

Pelagibacterales MED-G41

Pelagibacterales MED-G40

Pelagibacterales MED-G42

Pelagibacterales MED-G44

Pelagibacterales MED-G39

Pelagibacterales MED-G43

Pelagibacter

20

Ia

IIaB

0 5 10 15 20 >25

100

.CC-BY-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted May 5, 2017. ; https://doi.org/10.1101/134635doi: bioRxiv preprint 

https://doi.org/10.1101/134635
http://creativecommons.org/licenses/by-nd/4.0/


1000m

90m

75m

60m

45m

30m

15m

0 10 20 30 40 50 60 70 80 90 100

Percentage of reads to SAR11 genomes

VIIIIIaBIIaAIcIbIaEIaDIaCIaBIaA

5 10 15 20 25 30

Abundance of SAR11 subclades

D
ep

th

.CC-BY-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted May 5, 2017. ; https://doi.org/10.1101/134635doi: bioRxiv preprint 

https://doi.org/10.1101/134635
http://creativecommons.org/licenses/by-nd/4.0/


Euryarchaeal 
rhodopsins

Exiguobacterium-like
rhodopsins

MAC 
rhodopsins

Eukaryal 
rhodopsins

Freshwater 
actinorhodopsins

Acidirhodopsins

Proteorhodopsins

Viral rhodopsins

Fungal rhodopsins

Halobacterial rhodopsins

sodium-pumping 
rhodopsins

Bacteroidetes

Proteobacteria

Eu
ry

ar
ch

ae
ot

a

Alphap
ro

teo
bac

ter
ia

(58
4, 

20
4 s

eq
s)

Gam
map

ro
teo

bac
ter

ia

(14
0, 

38
 se

qs)

Acti
nobac

ter
ia

(0,
 12

 se
qs)

Bac
ter

oidete
s

(0,
 70

 se
qs)

Eury
ar

ch
ae

ota

(23
, 3

 se
qs)

15m

30m

45m

60m

75m

90m

1000m

0-1 1-5 5-10 10-15 15-20 20-25 25-30
#RPKG

0 5 10 15 20 25
#RPKG

#Blue (890)
#Green (347)

Upper photic
DCM
Lower photic

DCM & Lower
Upper & DCM

All

a b

c

15m

30m

60m

75m

90m

0 20 40 60

#Total (168)

#Blue (105)

#Green (63)

0 0.1 0.2 0.3 0.4 0.5

# rhodopsin genes
per genome

# of rhodopsin
genes assembled

# rhodopsin genes
per genome

45m

1000m

.CC-BY-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted May 5, 2017. ; https://doi.org/10.1101/134635doi: bioRxiv preprint 

https://doi.org/10.1101/134635
http://creativecommons.org/licenses/by-nd/4.0/


Table 1.‐ Summary statistics of the sampling, sequencing and assembly parameters

Med‐OCT2015‐15m Med‐OCT2015‐30m Med‐OCT2015‐45m MedDCM‐OCT2015‐60m Med‐OCT2015‐75m Med‐OCT2015‐90m Med‐OCT2015‐1000m MedDCM‐SEP2015
Sampling parameters

Sampling data 9/12/2015
Depth (m) 15 30 45 60 75 90 1000 60

Sea bottom depth (m) 200
Size fraction 5‐0.22µm
Latitude 38.06851 N
Longitude 0.231994 W

Environmental parameters
Temperature (ºC) 22.90 18.40 15.80 14.50 14.00 13.80 13.10 14.60
Chl‐a (mg/m3) 0.14 0.21 0.37 0.54 0.26 0.13 0.05 0.80
Oxygen (mg/L) 7.09 8.77 9.00 7.66 7.16 6.88 6.10 6.62
TOC (mgC/L) 2.43 2.17 1.46 1.43 1.36 1.35 0.84 1.12
PO4

3‐ (µM) 0.06 0.07 0.10 0.08 0.12 0.22 0.39 0.09
Total P (µM) 0.10 0.12 0.14 0.12 0.16 0.25 0.45 0.13
NOx (µM) 0.20 0.21 0.25 0.23 5.79 6.23 8.24 0.25
NH4

+ (µM) 0.13 0.12 0.14 0.15 0.09 0.08 0.03 0.09
Total N (µM) 0.40 0.41 0.48 0.46 6.33 6.90 8.89 0.39
N:P ratio 4.00 3.42 3.43 3.83 39.56 27.60 19.76 3.00

Sequencing statistics
Total sequenced (Gb) 19.9 15.1 3.1 15.3 16.9 15.0 14.8 20.0
Mean read length (bp) 121.4 117.2 112.3 119.8 121.4 120.2 117.0 139.9

Mean GC (%) 38.6 41.4 40.4 40.6 41.3 41.1 45.9 38.7
Assembly statistics
Total assembled (Mb) 738.5 500.3 79.5 577.3 701.3 613.5 490.0 916.1

Mean GC (%) 38.5 35.7 35.5 38.6 38.9 40 42.2 35.3
Maximum contig length (Kb) 251 165 118 235 186 140 450 494

Contigs > 1Kb 172,484 125,642 17,760 145,031 173,153 153,245 115,711 230,853
Contigs > 10Kb 4,648 2,198 202 2,360 2,789 2,556 1,807 4,538

10/15/2015
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