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Summary

Sunlight can be directly harvested by photoheterotro-
phic bacteria to create a pH gradient across the
membrane, which can then be utilized to produce
ATP. Despite the potential importance of this trophic
strategy, when and where such organisms are found
in the seas and oceans is poorly described. Here, we
describe the abundance and taxonomy of bacteria
with different trophic strategies (heterotrophs, photo-
trophs and photoheterotrophs) in contrasting water
masses of the ultra-oligotrophic eastern Mediterra-
nean Sea. These water bodies, an anticyclonic eddy
and a high-chlorophyll patch resulting from transport
of nutrient-rich coastal waters into offshore oligotro-
phic waters, each supported different microbial
populations in surface waters. Based on infrared
microscopy and metagenomics, aerobic anoxygenic
photoheterotrophic (AAP) bacteria represented up to
10.4% of the microbial community. In contrast, the
proteorhodopsin (PR) gene was found in 78.6%—
118.8% of the bacterial genome equivalents, the high-
est abundance reported to date. These results
suggest that PR-mediated photoheterotrophy may be
especially important in oligotrophic, potentially
phosphate-limited conditions.
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Introduction

The South-Eastern Mediterranean Sea is recognized as a
region of exceptionally low primary productivity (e.g., Tana-
ka et al, 2007), which results from the ultraoligotrophic
conditions that characterize this area. Inorganic phosphate
is mostly below 50 nM (Rusch et al, 2007) and, corre-
spondingly, microbial growth in this area is likely limited by
the availability of soluble phosphate (Thingstad et al., 2005;
Ghai et al., 2010; Tsiola et al., 2015). Under such condi-
tions, the employment of high-affinity ATP-binding cassette
transporters (ABC transporters) may convey a competitive
advantage, providing that energy (ATP) is not an additional
limiting factor. Thus energy for transport (including trans-
port of phosphates and phosphonates) may be an
important factor in areas of very low primary productivity,
such as the Eastern Mediterranean Sea. Heterotrophic
bacteria that are able to complement their energetic budget
with light-mediated ATP production (photoheterotrophs)
may have a competitive advantage in such oligotrophic
environments. Accordingly, photoheterotrophic bacteria are
expected to be highly abundant in the Eastern Mediterra-
nean, one of the most oligotrophic sites worldwide.

The main microbial photoheterotrophic groups include
proteorhodopsin (PR) containing bacteria and aerobic
anoxygenic phototrophic (AAP) bacteria. A previous study
provided evidence of the incredible abundance of PR-
containing bacteria, showing that, on a global scale, PR-
based bacteria exceed photosynthetic bacteria by threefold
(Finkel et al., 2013). PR-containing and AAP bacteria repre-
sent assemblies of species from very diverse taxonomical
origins. PR-containing bacteria include Actinobacteria, Bac-
teroidetes, Alpha-, Beta- and Gammaproteobacteria (Beja
et al., 2000; Giovannoni et al., 2005; Gomez-Consarnau
et al., 2007; Rusch et al., 2007; Yoshizawa et al., 2012;
Courties et al., 2013; Mizuno et al., 2015). AAP bacteria
include Alpha-, Beta- and Gammaproteobacteria (reviewed
in Tsiola et al, 2015) and require organic substrate for
growth, as they lack carbon fixation pathways. They are
thus heterotrophs that can utilize light as an additional
source of energy and save organic substrate that would
otherwise need to be respired. Consequently, light expo-
sure can also assist AAP bacteria in survival during
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starvation (e.g., (Courties et al., 2013)). Similar to AAP bac-
teria, PR-containing bacteria also combine the use of
organic substrate with light energy (Beja et al., 2000; 2001;
Delong and Beja, 2010). As predicted by Fuhrman et al.
(2008), several studies have provided evidence for a func-
tional plurality of PRs in different bacterial types. Only in a
few copiotrophic bacterial species could PR function be
associated with light-enhanced growth (e.g., Gomez-
Consarnau et al., 2007; Palovaara et al., 2014), while in
other bacteria PR was shown to provide enhanced survival
(Gomez-Consarnau et al., 2010), or reduced respiration
rate and enhanced substrate uptake levels in carbon
starved conditions (Steindler et al, 2011). Yet, no clear
effect on growth or survival by light was shown in most
studies (e.g., Stingl et al.,, 2007; Riedel et al., 2010; Efrati
et al., 2013). A recent comparison of the genomes and
physiology of taxonomically close PR-containing Flavobac-
teria suggested that PR may be advantageous to strains
that are auxotrophic for vitamins and thus require proton
motif force dependent transport (Gomez-Consarnau et al.,
2015). Based on estimates of energy benefits versus costs
of maintenance of PR phototrophy, PR was suggested to
provide an energetic advantage only at high light intensities
and when large numbers of PR molecules are present per
cell (Kirchman and Hanson, 2013). However, the sustained
expression of PRs also at the low-light conditions typical
of polar regions in winter, suggests additional roles
for PR (Nguyen et al, 2015). Taken together, PR-
photoheterotrophy appears to provide diverse benefits
according to the genomic environments (different bacterial
hosts) and the geographic environments (niches character-
ized by different conditions).

The environmental variables that control microbial abun-
dances, taxonomy and dynamics can be studied by
sampling throughout environments that exhibit diverse tro-
phic regimes. In this study, we used multiple methods to
estimate the abundance of light-utilizing microorganisms
(phytoplankton, PR-containing bacteria and AAP bacteria)
at six sites encompassing several different water masses
in the Eastern Mediterranean. Our results show that the
abundance of photoheterotrophic bacteria, in particular of
PR-containing bacteria, in this region are among the high-
est measured anywhere in the world, raising the question
on whether the drivers of this extreme abundance may be
related to phosphate and/or carbon limitation.

Results
Characteristics of the study area

During November 2013, we sampled six offshore stations
in the southeastern Mediterranean Sea (Fig. 1A). In situ
CTD vertical profiles of temperature and salinity indicated
a mixed layer depth of approximately 50 m (Supporting
Information Fig. S1A, B). Temperatures in the mixed layer

ranged from 23°C to 23.5°C. Fluorescence vertical profile
displayed a deep chlorophyll maximum (DCM) between 90
and 100 m (Supporting Information Fig. S1C). Concentra-
tions of dissolved inorganic nutrients in the surface water
(10 m depth) were within previously published ranges for
the Eastern Mediterranean Sea (Supporting Information
Table S1; Krom et al., 2005; Tanaka et al., 2007). Phos-
phate concentrations were near or below the detection
limit (40 nmol 1~ ). Silica concentrations were elevated in
stations G1 and G2 compared with the other stations (Sup-
porting Information Table S1).

Stations G2 and G6 were located in close proximity to or
on transport barriers between distinct water masses, in the
form of Lagrangian coherent structures. Lagrangian meth-
ods are very effective quantifying the structuring effect of
horizontal stirring on mesoscale (~10-100 km?) patches
with potentially different physical and biological properties
(D’Ovidio et al., 2010; Lehahn et al., 2014). Stations G3-
G5 were enclosed within an anticyclonic eddy with trans-
port barriers that isolated them from the surrounding
waters (Fig. 1C). Stations G1 and G2 were characterized
by relatively high chlorophyll concentrations (Fig. 1). Analy-
sis of satellite-derived surface chlorophyll and model-
derived surface currents indicated that the relatively high
chlorophyll concentrations in these stations were associat-
ed with westward transport of a patch of presumably
nutrient-rich coastal waters. The important contribution of
the coastal (chlorophyll-rich) waters intrusion to structuring
the regional chlorophyll field was emphasized by compar-
ing concentrations at stations G1, G2 and G3. These
stations were located at the core of the patch (G2), periph-
ery of the patch (G1) and outside of the patch (G3), and
were characterized by relatively high, medium and low
chlorophyll concentrations, respectively (Fig. 1B). Lower
chlorophyll a (chl a) concentrations estimated from the sat-
ellite images at stations G3, G4 and G5 were also
confirmed via measurements of chl a extracted from sam-
ples collected at 10 m depth (Supporting Information Table
S1). Although all stations can be considered as offshore
stations (water column depth > 1000 m), for the purpose of
this study, and based on the differences described above,
we defined stations G1 and G2 as ‘coastal-impacted’ and
station G3-G6 as ‘offshore’ stations, and tested for differ-
ences between these two groups in all the following
comparisons.

16S rBRNA community structure and
phytoplankton composition

To study the bacterial community structures, we performed
metagenomic sequencing on DNA extracted from the sur-
face waters in stations G1-G6 (see Experimental
Procedures). Overall 80,335 partial bacterial 16S rRNA
gene sequences were extracted from the unassembled
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Fig. 1. Satellite-derived surface chlorophyll a data and model-
derived surface currents of the study-area from November 14th,
2013. (A) Map of surface chlorophyll concentrations. Black dots (G1
to G6) mark the sampling locations. Straight black line marks the
section presented in panel B; (B) Surface chlorophyll (satellite)
along the transect marked in panel A, showing the locations of two
chlorophyll fronts. Blue triangles mark the locations of sampling
stations along the transect (G1 to G4); (C) SELIPS surface velocity
field of the study area. Arrows represent ocean surface currents,
blue lines are attracting Lagrangian coherent structures (LCS), and
red dots mark the sampling locations. [Colour figure can be viewed
at wileyonlinelibrary.com]
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metagenomes using Metaxa2, of which 34,255 sequen-
ces could be classified after quality control and re-
annotation by the SILVAngs analysis pipeline (Quast
et al., 2013). Alphaproteobacteria was the dominant
class (average of 50% of the sequences in all the sta-
tions), followed by Gammaproteobacteria (23%),
Flavobacteriia (9%) and Cyanobacteria (6%). At higher
taxonomy resolution, the SAR11 clade was the most
abundant group (30% of the 16S rRNA sequences on
average). The SAR11 clade appeared to be more abun-
dant at the ‘offshore’ stations (average 36%) than at the
‘coastal-impacted’ ones (average 18%, Fig. 2), however,
this was mostly true for station G1. The SAR86 clade
was the second most abundant group (13%—18% of the
community), but did not show any considerable differ-
ences between the ‘coastal-impacted’ and ‘offshore’
stations. Subsection | cyanobacteria (Prochlorococcus
and Synechococcus) were more abundant at ‘coastal-
impacted’ (12%) than at ‘offshore’ stations (4%, Fig. 2).
A phylogenetic tree based on near full-length 16S rRNA
gene sequences reconstructed by EMIRGE (assembled
16S rRNA of high-coverage taxa from the metagenome)
is shown in Supporting Information Fig. S2 and includes
the calculated abundance data for these taxa. Hierarchi-
cal clustering based on Bray—Curtis dissimilarity of the
16S rRNA sequence data confirmed the assumed differ-
ence in microbial community structure between ‘coastal-
impacted’ and other stations (p < 0.05) (Fig. 2). SIMPER
analysis of the 16S rRNA data showed SAR11 and Cya-
nobacteria to be the top two contributors to the observed
dissimilarity (together 53%), with SAR11 being twice
more abundant in the ‘offshore’ stations, while Cyano-
bacteria were three times more abundant in the ‘coastal-
impacted’ stations (Table 1). Flavobacteriales and Rho-
dobacterales, both generally regarded as coastal
associated orders, were more abundant in the ‘coastal-
impacted’ stations, and Oceanospirillales of the SAR86
clade were slightly more abundant in ‘offshore’ stations
(Table 1). It is noteworthy that the same clustering of sta-
tions was found when analysing another housekeeping
gene, the recA gene, in the SIMPROF analysis (Support-
ing Information Fig. S3B).

The results of the 16S rRNA gene analysis were sup-
ported by microscopic analyses. Heterotrophs were an
order of magnitude more abundant than photoautotrophs
and contributed between 84.6% and 94.1% to the total
cells counts (Supporting Information Table S2). Their total
numbers were higher at ‘coastal-impacted’ than at ‘off-
shore’ stations (Fig. 3). Picophytoplankton abundance
(including Prochlorococcus and picoeukaryotic phytoplank-
ton, as they were recognized based on the same criteria,
i.e., chlorophyll fluorescence signal, lack of phycoerythrin
signal, and similar sizes) varied across the stations. It
was highest at G1 and G2 (2.44 x 10* and 5.9 x 10*
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Fig. 2. Relative abundance of bacteria (16S rRNA extracted using Metaxa2) at the order level in the sampled stations. Taxonomic annotations
were assigned based on the SILVA SSU database v115 using 97% cutoff for OTUs. Inset shows a dendrogram of the community structure
from the six metagenomes using hierarchical clustering dendrogram and Bray—Curtis dissimilarity. Differently coloured branches indicate
significantly different (p < 0.05) clusters as tested by SIMPROF analysis. [Colour figure can be viewed at wileyonlinelibrary.com]

cells ml~" respectively), and ranged between 9.52 x 103
and 1.82 X 10* cells mI™" at ‘offshore’ stations (Fig. 3).
Synechococcus numbers followed the same trend. Pico-
phytoplankton together with Synechococcus (the major
members of the photoautotrophic community) comprised
10.4%—15.4% fraction of total cells at the ‘coastal-
impacted’ stations, whereas at the ‘offshore’ stations their
relative abundance decreased to 5.9%—7.9% (Supporting
Information Table S2). Similar overall trends were
observed based on flow-cytometry (Supporting Information
Table S3).

HPLC pigment analysis was used to characterize
the phytoplankton community, providing information on
presence of picophytoplanktonic cyanobacteria and
prymnesiophytes (Supporting Information Fig. S4 and
Supporting Information Table S4).

Abundances of microbial groups with different
trophic strategies

To compare the abundance of photoautotrophic, photohe-
terotrophic and heterotrophic cells in the samples, we
extracted from the metagenomes the sequences of three
indicator genes: psaA (encoding a core photosystem
| protein and thus representing phytoplankton), proteorho-
dopsin (prd) and pufM (encoding the M subunit of the
photosynthetic reaction centre in anoxygenic photo-
trophs) (Table 2; Supporting Information Table S6). In
addition, we also extracted separately two gene variances
of prd, xanthorhodopsin and marine actinobacterial clade
rhodopsins. Four single-copy, core genes (recA, gyrB,
rpoB, tuf) found in all bacteria were extracted the same
way and used for normalization (see Experimental
Procedures).

© 2016 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology, 19, 1077—-1090
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Table 1. Similarity percentages (SIMPER) analysis of microbial community genes showing which of the prd and 16S rRNA genes contributed
most to the dissimilarity between the groups (‘coastal-affected’ and ‘offshore’).

Average relative

Contribution to

abundance (%) dissimilarity (%) Alvel-'age .
dissimilarity
Coastal Offshore between

Gene compared group group Single Cumulative groups (%)
16S rRNA
SAR11 clade 0.18 0.36 37.19 37.19 24.2
Cyanobacteria Subsectionl 0.12 0.04 15.85 53.04
Flavobacteriales 0.11 0.08 5.96 59
Oceanospirillales (SAR86 clade) 0.14 0.15 5.65 64.65
Rhodobacterales 0.05 0.03 4.42 69.07
prd
AAY68047.1 uncultured bacterium?® 0.05 0.08 5.35 5.35 33.7
ABL97421.1 uncultured marine bacterium EB80_69G072 0.02 0.03 2.28 7.63
ABL97827.1 uncultured marine bacterium HF10_49E082 0.02 0.02 1.55 9.18
ALS56212.1 uncultured bacterium EIL27G07° 0.02 0.02 1.16 10.34
KZX58463.1 Halioglobus sp. HI00S01 0.01 0 1.06 1.4

Numbers are the relative abundances that each category contributes to the dissimilarity between the groups. Only the 5 highest contributors

for each gene are shown.

a. Best cultured blastp hits: Candidatus Pelagibacter strains with >90% similarity.
b. Best cultured blastp hit: Candidatus Pelagibacter strain IMCC9063 with 59% similarity.

Heterotrophs [10° cells mI]
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Fig. 3. Abundance of picophytoplankton, Synechococcus, AAP
bacteria and heterotrophic bacteria as determined by
epifluorescence microscopy. Error bars denote standard deviation
of duplicate samples. The data for each replicate consisted of an
average of 15 frames.

Based on normalized abundance of the psaA gene, pho-
toautotrophs were exceedingly more abundant in the
‘coastal-impacted’ stations (9.9% and 14.2% in G1 and G2
respectively) than in the ‘offshore’ stations (2.3%—4.6%,
Table 2), which was in agreement with the 16S rRNA gene
data (Fig. 2), microscopy results (Fig. 3, Supporting Infor-
mation Table S2) and flow cytometry data (Supporting
Information Table S3). SIMPROF analysis (using psaA)
clustered stations G2 and G6 together and significantly
apart from the other stations (Supporting Information Fig.

Table 2. Averaged normalized relative abundance (in percent) =
standard error of the mean of proteorhodopsin gene prd, xanthorho-
dopsin (XR) gene, marine actinobacterial clade (MAC) rhodopsin
gene, photosystem | gene psaA and anoxygenic photosynthetic
reaction centre gene pufM in the bacterial community based on
reciprocal BLAST analysis.

Station prd XR MAC pufM psaA

G1 786*+93 18*+02 16=*x02 104*=12 99*x1.2
G2 80.7+10.2 08*+0.1 48*06 56=*=0.7 142+18
G3 1062*+126 16*+02 6.3*08 7.7+09 24*+03
G4 96.1+-115 08*0.1 52*+06 6.1£07 46*0.6
G5 105.7+125 13*x02 39*05 83*10 23*03
G6 118.8+16.5 05*+0.1 51*x0.7 35*+05 25*04

Abundances are normalized using four single copy house-keeping
genes (recA, gyrB, rpoB, tuf).

S3D). Given that the hierarchical structuring of this gene
did not support a grouping of ‘coastal-impacted’ vs. ‘off-
shore’ stations, no SIMPER analysis was performed.

The two kinds of photoheterotrophic bacteria differed
greatly in their abundances. Bacteria possessing a prd
gene were remarkably abundant at all the stations, with a
minimum of 78.6% (G1) to a maximum of 118.8% (G6) out
of the total bacterial community. Higher than 100% abun-
dances indicate that some bacteria have more than one
prd gene copy per genome. In addition, two other bacterial
proton-pumping rhodopsins were present in low abun-
dance: xanthorhodopsin was present in 0.5%—1.8% of all
bacterial cells and marine actinobacterial clade rhodopsin
in 1.6%—6.3%, neither showed a clear difference in abun-
dance between coastal-impacted and offshore stations.
Other detected rhodopsin types included archaeal and viral

© 2016 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology, 19, 1077—-1090
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proteorhodopsins (see Supporting Information Fig. S7).
The abundance of bacteria bearing a prd gene was
between 15.4% and 40.2% higher in the ‘offshore’ stations
compared with ‘coastal-impacted’ ones (Table 2). Cluster-
ing analysis with SIMPROF based on prd gene showed
that G1 and G2 grouped together and apart from other sta-
tions (Supporting Information Fig. S3A). SIMPER analysis
indicated that the average dissimilarity between these two
groups was 33.7%. The top two contributors to the dissimi-
larity between groups (accounting for 7.63% of the
dissimilarity) were more abundant in the ‘offshore’ group
(Table 1). Their best-identified Blast hit with an identity of
more than 90% belonged to prd genes of the SAR11
clade, which was more abundant in the ‘offshore’ stations.
On the phylum level, the best taxonomic Blast hit for most
reads belonged to Proteobacteria (77.1%—89.7% of the
prd reads with taxonomic annotation), followed by Bacter-
oidetes (7.8%—17.1%) (Supporting Information Fig. S5).
Together these two phyla represented 94.0%—97.5% of
taxonomically assigned proteorhodopsin reads found.
Detailed results at the class and order level are given in
the supplemental material.

The absorption maxima of PRs can be tuned to 525 nm
(green) and 490 nm (blue), based on differences in a single
amino acid at position 105 (Beja et al., 2001; Man et al.,
2003). The distribution of differently tuned PRs was shown
to be related to the type of available light (Man et al,
2003). We analysed the abundance of the differently tuned
prd sequences using assembled prd gene sequences
translated to amino acid that covered the amino acid posi-
tion 105. Raw metagenomic reads of the different stations
were then mapped against these assembled sequences to
calculate relative abundances of prd genes with different
spectral tunings. Overall, blue light adapted prd sequences
were two to three times more abundant than green light
adapted ones (blue:green-adapted prd sequence ratio
ranged from 2.1 to 3.2). The highest abundance of green-
tuned prd sequences was found at station G2, which is sit-
uated at a high surface chlorophyll patch (Fig. 4).

Gé

Compared with PR-containing bacteria, AAP (puf-
bearing) bacteria were present in lower abundances at all
stations, representing 3.5%-10.4% of all bacteria. AAP
bacteria abundances based on pufM sequences were
higher than those based on epifluorescence microscopy
data (3.2 X 10° to 6 X 10° AAP bacteria cells mlI~" (Fig.
3), representing 0.7%—1.3% of the total microbial cells
(Supporting Information Table S2). No apparent differ-
ences between ‘coastal-impacted’ and ‘offshore’ stations
could be detected. G1 clustered together with G4 and next
to a not significantly different cluster made up by G3 and
G5 in the hierarchical clustering analysis of the pufM gene
with SIMPROF, while station G2 and G6 clustered signifi-
cantly apart from each other and the cluster containing all
other stations (Supporting Information Fig. S3C). The best
taxonomic hits for pufM reads were almost exclusively Pro-
teobacteria (97.1%—-98% of all taxonomical assigned pufM
reads). Alphaproteobacteria were most common (69.3%—
81.1%) followed by Gammaproteobacteria (9.0%—14%)
and Betaproteobacteria (7.6%—15.1%). At the order level,
the Rhodobacterales dominated (45.4%—64.4%), followed
by Rhizobiales (8.0%—13.5%), Burkholderiales (5.7%—
10.0%), Cellvibrionales (5.0%—8.5%), Chromatiales
(3.6%—6.1%), Sphingomonadales (3.5%-5.4%) and Rho-
dospirillales (2.4%—4.4%). No obvious pattern regarding
‘coastal-impacted’ versus ‘offshore’ stations was evident at
either class or order level (Supporting Information Fig. S6).

Discussion

Our results provide an overview of the microbial groups
using light energy via different trophic strategies (PR-con-
taining bacteria, AAP bacteria and photosynthetic
microorganisms) at six offshore stations located in the
Eastern Mediterranean Sea. Among these stations, two
were affected by intrusions of coastal waters at the time of
sampling, and thus were characterized by different biotic
and likely abiotic conditions. Intrusions of coastal waters
into offshore waters have been reported before and appear

© 2016 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology, 19, 1077—-1090



to be a recurrent phenomenon at the Eastern Mediterra-
nean coast of Israel (Barale et al., 2008; Efrati et al.,
2013).

The most unexpected result was the unusually high inci-
dence of prd genes in our datasets. When normalized by
four single copy core genes, we estimated that 78.6%—
80.7% of the bacterial community harboured the prd gene
at the sampling locations that were affected by coastal
water intrusions, and 96.1%—-118.8% at the sampling sites
characterized by low-chlorophyll/low-nutrient conditions.
Even if these values were an over-estimation related to the
potential presence of more than one prd gene in certain
bacteria, similar biases affected also previous studies, and
these are the highest estimates for PR-containing bacteria
reported thus far for microbial communities. Surprisingly,
much lower estimates of PR-containing bacteria (13%)
were previously reported in the Eastern Mediterranean
Sea (Sabehi et al., 2005). However, this previous estimate
was based on the sequencing of BAC libraries (which
involves cloning the large DNA fragments and maintaining
the BACs in E. coli), rather than direct metagenomic
sequencing. A comparison of direct sequencing versus
sequencing after cloning in fosmids revealed a strong bias
against dominant members of marine microbial communi-
ties, including SAR11 (Ghai et al., 2010), suggesting that
PR-containing bacteria abundance in the Eastern Mediter-
ranean Sea was previously underestimated due to cloning
bias. Diversity and geographic distribution of prd genes
have been estimated also in other marine environments
(e.g., De la Torre et al., 2003; Sabehi et al., 2003; 2007;
Philosof and Beja, 2013; Nguyen et al., 2015), but only a
few studies specifically calculated PR-bacteria abundan-
ces in environmental samples. According to gPCR
estimates, the Northern Atlantic Ocean is characterized by
PR abundances up to 50% of the microbial community (in
the Western Sargasso Sea). Interestingly, PR abundances
in this study are negatively correlated with chlorophyll, and
3 out of 4 PR-types (the exception being a Flavobacteria-
like PR) have a negative correlation with nutrients including
phosphate (Campbell et al., 2008). These estimates corre-
spond well with shotgun sequence datasets for the
Sargasso Sea, where at least 65% of the bacterial commu-
nity are calculated to contain a prd gene (Venter et al.,
2004; Rusch et al., 2007). The observed high abundances
of prd genes and the inverse relationship of these abun-
dances with chlorophyll and nutrients suggest that
conditions of oligotrophy could select for PR-containing
bacteria, which is in line with our results.

Alphaproteobacteria, and in particular the SAR11 clade,
were the most common PR-containing bacteria in our
dataset. In terms of spectral tuning, based on sequence
analysis, most PRs in our study were blue-tuned. A mix of
green and blue-tuned PRs was reported before for the
Eastern Mediterranean Sea, with higher incidence of blue-
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tuning for surface samples in winter versus summer
(Sabehi et al., 2007). The highest percentage of green
PRs coincided with the highest chlorophyll concentration
(based on both satellite data and extracted chlorophyll
from 10 m depth sample) (Fig. 4), suggesting that the
higher abundance of photosynthetic microbes at G2 utiliz-
ing blue light for photosynthesis may have provided an
advantage to PR-bearing bacteria that can use green
wavelengths, compared with the other sites. An analysis of
correlation between PR-spectral tuning and chlorophyll
concentration was not conclusive (data not shown),
because the extracted chlorophyll concentration at station
G6 showed variable values in the replicates (Supporting
Information Table S1).

In comparison to the high abundances of PR-containing
bacteria, picophytoplankton was less common (2.3%—
14.2% of the bacterial community based on normalized
psaA gene abundance) at all sampled stations. They were
enriched in the stations affected by coastal waters intrusion
(9.9%—14.2%), where they were two to six times more
abundant than in the ‘offshore’ stations (2.3%—4.6%). Simi-
larly, microscopy, flow cytometry, satellite chlorophyll-
fluorescence imaging and extracted chlorophyll data con-
firmed higher picophytoplankton presence at ‘coastal-
impacted’ stations, in particular at station G2. It was per-
haps surprising that Prochlorococcus was the dominant
phytoplankton at station G2 (see Supporting Information
Tables S2—-S4), the ‘coastal-impacted’ station, since these
picocyanobacteria are usually considered to be associated
with open ocean rather than coastal sites (although excep-
tions have been described (Shimada et al, 1995).
Regardless of the identity of the primary producers, higher
primary productivity related to the intrusion of nutrient-rich
coastal waters may be one of the factors affecting the dif-
ferent microbial community structures at the ‘coastal-
impacted’ stations, represented by higher proportions of
Flavobacterales and Rhodobacterales (copiotrophs) com-
pared with the ‘offshore’ stations that showed higher
proportions of SAR11 (oligotrophs). It was unexpected that
SAR11, given its typical oligotrophic lifestyle (Lauro et al.,
2009), was also relatively abundant at the high chlorophyll
station G2 (Fig. 2). A previous study indicated that SAR11
could surprisingly be equally sensitive to changes in chlo-
rophyll a as other groups of heterotrophic bacterioplankton
(Sjostedt et al., 2014). Evidence for correlation between
abundance of SAR11 and phytoplankton is also reported
at the HOT site (Eiler et al, 2009) and in the Southern
Atlantic gyre (Schattenhofer et al., 2009). Future studies
on co-cultures between diverse SAR11 ecoptype-isolates
and phytoplankton may help resolve the inconsistencies
between the oligotrophic nature of SAR11 and its some-
times observed correlation with phytoplankton abundance.

The lower productivity of the ‘offshore’ stations may
relate to the highest abundances of PR-containing bacteria
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detected at the same sites, as the energy obtained by PR
function could favour nutrient transport at sites where
nutrients limit bacterial growth. In contrast to the PR-
photoheterotrophs, AAP-photoheterotrophs represented a
much lower percent of the microbial communities here
investigated. The abundances of AAP bacteria at the six
sampled sites, based on infrared epifluorescence micros-
copy, were in the same range as previously reported for
photic zones in the Mediterranean Sea, representing
0.7%—1.3% of the microbial community (Lamy et al,
2011). AAP bacteria abundances as calculated based on
of pufM sequences quantification (and normalization by
four single copy core genes) were higher (3.5% up to
10.4%). This may be in part due to the difference in sample
treatment. In contrast to the DNA samples, microscopy
samples were not pre-filtered. Thus the relative abundance
of AAP bacteria is reduced as more organisms are
counted. This discrepancy may also be related to the dif-
ference between gene presence and its expression.
Whereas epifluoresence microscopy relies on the expres-
sion of BChl a, the metagenomic data are independent of
BChl a production and use the normalized counts of pufM
genes as proxy for AAP bacteria abundance. The sampling
was performed in November and the expression of BChl a
in part of the microbial taxa may have been lower than
detection level. In the Western Mediterranean Sea, lowest
BChl a concentrations are reported for winter months and
it is suggested that this trophic strategy may be favoured in
summer months (Ferrera et al, 2014). Likewise, higher
AAP bacteria numbers are observed in late spring and
summer compared with winter also in studies performed at
different geographic locations (Masin et al., 2006; Zhang
and Jiao, 2007). In the Mediterranean, AAP bacteria abun-
dances reportedly decrease from the oligotrophic Western
sites to the ultraoligotrophic Eastern basin, suggesting no
advantage of AAP bacteria in nutrient limiting conditions
(Lamy et al., 2011) and contrasting a previous hypothesis
that light-generated energy could enhance phosphate
acquisition by AAP bacteria in phosphate-limited condi-
tions (in lakes; Masin et al., 2008). Similarly, Hojerova and
colleagues report higher AAP bacteria abundances in a
post-diatom bloom situation and suggest that AAP bacteria
may thrive better in higher trophic environments providing
sufficient substrates to maintain high growth rates (Hojer-
ova et al., 2011). Based on the latter hypothesis we would
have expected higher abundances of AAP bacteria in the
‘coastal-impacted’ stations, characterized by higher abun-
dance of photosynthetic bacteria and thus productivity,
than in the ‘offshore’ stations. However, neither influence
on AAP bacteria abundance (based on microscopy and
metagenomic data) nor on their diversity (based on cluster-
ing of pufM genes) was observed as an effect of the
intrusion of coastal waters in offshore waters. AAP bacteria
abundances and diversity at over forty sampling stations

across the Global Ocean Sampling (GOS) transect vary
significantly between different oceanic regions, yet similar
proportions of AAP bacteria are reported in both oligotro-
phic and eutrophic environments (Yutin et al. 2007). In our
study, the most common AAP bacteria in the Eastern Med-
iterranean belonged to the Alphaproteobacteria (69.3%—
81.1% of the taxonomical assigned pufM hits). This result
differed from previous results for the Western Mediterra-
nean, where AAP bacteria are dominated by
Gammaproteobacteria (especially in mesotrophic and
eutrophic environments (Lehours et al., 2010), and in the
summer (Ferrera et al., 2014)). Different AAP bacteria are
likely not functionally and ecologically equal, thus more
investigation is needed to determine the abiotic factors that
influence Alphaproteobacteria AAP bacteria dominance in
the Eastern Mediterranean. An analysis of seasonal
dynamics of AAP bacteria in this ultracligotrophic region
may provide further insight on the conditions enhancing
different types of AAP bacteria.

In summary, abundances of AAP bacteria in the Eastern
Mediterranean were in agreement with previous studies,
whilst the here discovered unusually high incidence of pro-
teorhodopsin genes emphasizes the need to revisit their
biological importance in oligotrophic systems. Phosphate
is considered a limiting nutrient in the Eastern Mediterra-
nean Sea, and it will be of interest to determine whether
and how PR-derived energy is partitioned between phos-
phates/phosphonates ATP-dependent transport and other
metabolic requirement in PR-bacteria from this region.
Undoubtedly, an understanding of how PR affects metabo-
lism in abundant members of the marine microbial
community will be pivotal to define their biogeochemical
function. In-situ functional studies and the isolation of oligo-
trophic photoheterotrophs from the Eastern Mediterranean
will open new avenues to follow up on these questions.

Experimental procedures

Sampling and measurements of environmental
parameters

Samples were collected from six stations (G1 to G6) during a
cruise onboard the R/V Mediterranean Explorer on November
12-13th, 2013. Stations G1 to G4 form a line transect with dis-
tance between stations ranging from 26 to 29 km, G5 was
separated by 29 km from G4, and G6 was 54 km from G5
(Fig. 1; Supporting Information Table S1). Vertical profiles of
temperature, salinity and dissolved oxygen were obtained
using a SeaBird conductivity, temperature and depth profiler
(CTD, SBE19 plus) and a fluorescence profile of chlorophyll a
using a Seapoint fluorometer mounted onto the CTD, calibrat-
ed with bottle chlorophyll measurements. Seawater samples
for subsequent DNA, pigment, nutrient, flow cytometry and
microscopy analyses were collected from 10 m depth using
Niskin bottles mounted on the CTD.

Surface chlorophyll a concentrations were derived from the
ocean colour Moderate Resolution Imaging Spectroradiometer
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(MODIS) aboard the Aqua satellite. We used the standard
Level 3 Chlorophyll products with a spatial resolution of 4 km,
downloaded from the ocean colour data distribution site
(http://oceandata.sci.gsfc.nasa.gov/). Since during the period
of the cruise clouds masked much of the study area, we used
a relatively cloud-free image from November 14th, 2013 for
the analysis.

The surface velocity field (sea currents) was calculated
from the SELIPS (South Eastern Levantine Israeli Predic-
tion System) 3D numerical model for ocean dynamics
(Goldman et al,, 2015). Transport barriers between water
masses were determined by identifying attracting Lagrang-
ian coherent structures (LCS, Haller and Yuan, 2000) from
calculation of finite size Lyapunov exponents (Boffetta
et al., 2001).

Flow cytometry analysis

Seawater samples (1.5 ml) were fixed (0.25% glutaraldehyde)
for 10 min in the dark at room temperature, stored in liquid
nitrogen onboard and transferred to —80°C upon arrival at the
laboratory until analysis on a flow cytometer (BD FACSCanto
I, details in Supporting Information).

Epifluorescence microscopy analysis

Seawater samples (40 ml) were fixed (1.85% formaldehyde)
and kept at 4°C until filtration on 0.2 pm black polycarbonate
filters (Millipore). Cells were stained for 10 min in the dark with
a 1 pg mi™' 4 6-diamidino-2-phenylindole (DAPI) solution
(Sigma) in the filtration manifold (Pall), and rinsed by filtering
50 ml Milli-Q water. The rinsed filters were placed on a glass
slide, a drop of 3:1 mixture oil solution (Citifluor AF1 and Vec-
tashield) was applied onto the filter and a cover slip was put
and gently flattened. Cells were counted under a Carl Zeiss
epifluorescence microscope equipped with AxioCam MRM
camera. For each sample, 15 frames (each consisting of 4
images) were captured using the following optical filters and
settings: (i) phycoerythrin (PE, excitation: 525-555 nm; emis-
sion: 560-650 nm; 100 ms exposure) to detect
Synechococcus cells; (i) Chl a (excitation: 446—486 nm; emis-
sion: 668—-726 nm; 500 ms exposure) to detect chlorophyll-
containing organisms; (iii) DAPI (excitation: 320—400 nm;
emission: 410-510 nm; 200 ms exposure) for total bacteria
count; (iv) IR (excitation: 290-490 nm; emission: 750-850 nm;
5 s exposure) showing both AAP bacteria and phytoplankton.
The acquired images were analysed semi-automatically with
Fiji-lmagedJ software (http://fiji.sc/Fiji). The four images of each
field were overlaid, and cells with DAPI and IR signals, but no
Chl a nor PE signal were counted as AAP bacteria. Cells with
PE, Chl a and DAPI signals were considered as Synechococ-
cus and cells with only Chl a and DAPI as picophytoplankton.
Finally, heterotrophic bacteria were identified as cells having
only DAPI fluorescence. These counts were used to calculate
the relative abundances of the four groups (AAP bacteria,
Synechococcus, picophytoplankton and heterotrophic bacte-
ria) and absolute numbers were obtained by multiplying by the
total number of cells for each sample, determined according
to flow cytometry.
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DNA extraction, library preparation and illumina
metagenomic sequencing

Seawater samples (10-15 L) for DNA analysis were pre-
filtered through GF/D filters (Whatman) (nominal pore size 2.7
um) to remove eukaryotic cells and cells were collected on
0.22 um Sterivex filters (Millipore). Excess water was removed
and 1 ml lysis buffer (0.75 M sucrose, 50 mM Tris-HCI, 40 mM
EDTA, pH=28.3) was added. Filters were stored at —80°C
until extraction. Nucleic acids were extracted from the samples
as previously described (Massana et al., 1997). The metage-
nomic libraries were prepared and sequenced at Mr. DNA
Molecular Research LP, USA. For each of the six sampled sta-
tions (G1-G6) 1 pg of purified genomic DNA was used for
llumina Nextera library preparation following the manufac-
turer’s instructions and libraries were sequenced on one lane
of a flow cell using the HiSeq2500 high-throughput system
with 2 X 150 bp paired-end technology. The base-calling pipe-
line (version lllumina Pipeline-0.3) was used to process the
raw fluorescence images and call sequences. The metage-
nomic sequencing generated on average 50 million paired-
end reads per sample, 308 million reads and 46 Gbp of raw
sequence data in total for the six samples.

Analysis of 165 rBRNA community structure

16S rRNA reads were extracted and classified with Metaxa2
(Bengtsson et al., 2011), run using default parameters with
enabled paired end reads option. All extracted sequences
were classified using Blast matches against SILVA SSU data-
base release 111. The extracted reads were further analysed
and re-annotated in the SILVAngs analysis pipeline v1.1
(Quast et al., 2013). Reads shorter than 50 aligned nucleoti-
des, with more than 2% of ambiguities, or 2% of
homopolymers, and reads with a low alignment quality were
excluded from further processing. Identical reads were identi-
fied, unique reads were clustered (OTUs by 97% identity), and
the reference read of each OTU was classified. The classifica-
tion was performed by BLASTn against the SILVA SSU
database release 115. Further, full length 16S rRNA genes
were reconstructed from the short unassembled metagenomic
pair end reads using EMIRGE version 3 (Miller et al., 2011).
Details on the phylogenetic analysis methods used for Sup-
porting Information Fig. S2 are given in Supporting
Information material.

Functional analysis

Raw unassembled metagenomic sequences were annotated
using the Metagenomics Rapid Annotation (MG-RAST) pipe-
line version 3.5 (Meyer et al, 2008) to determine the
abundance of archaeal, eukaryotic, viral and bacterial reads
(see Supporting Information Table S5).

To determine relative abundances of bacteria with different
trophic strategy (phototrophs, aerobic anoxygenic photoheter-
otrophs and photoheterotrophs with  proteorhodopsin,
xanthorhodopsin and marine actinobacterial clade rhodopsin)
the read counts of five functional genes (psaA, pufM, prd, xan-
thorhodopsin, marine actinobacterial clade rhodopsin) and
four single copy housekeeping genes (recA, gyrB, rpoB, tuf)
were extracted using a reciprocal blast approach.
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Query databases for the nine genes were created by down-
loading their sequences from the UniProt Reference database
clustered at 90% similarity (UniRef90) using gene name
(except for prd, xanthorhodopsin and marine actinobacterial
clade rhodopsins for which protein name was used), taxono-
my: bacteria, and length > 200 amino acid as parameters. The
databases were quality checked using EQgNOG 4.5, hmmer
searches against the pfam database and phylogenetic analy-
sis (data not shown). Given the much larger size of the
databases for the housekeeping genes, these were further
reduced by clustering them at 70% similarity using Blastclust.
In a first step, the resulting databases were queried with
tBLASTn against the metagenomes of each station, separate-
ly for each read direction. All obtained unique metagenomic
reads were then queried in a second step with BLASTx
against the NCBI NR protein database and only the top hit of
each read was retained. In both steps of the reciprocal blast, a
default e-value cutoff of 10 was used. Non-bacterial reads
were filtered out based on the NCBI taxonomy of their NCBI
NR protein database top hit. To ensure that only reads to NR
sequences of the target gene were counted, we examined the
annotated regions, conserved domains and best 100 BLASTx
hits of all unique NR hits with 10 or more reads for any read
direction in any station. In addition, all hits annotated as hypo-
thetical, unknown or uncharacterized protein were examined
this way and at least one sequence of each unique annotation.
For prd, xanthorhodopsin and marine actinobacterial clade
rhodopsin the decision of the type of rhodopsin was also
based on the closest known sequence from cultured isolates.

The abundance of bacteria with the functional genes was cal-
culated using the following equation adopted from (Kwon et al.,
2013): P= (N/L)/(Ny/Ly), in which P is the normalized propor-
tion of cells containing the gene of interest, N, is the hit count
assigned to the gene of interest, N, is the hit count assigned to
housekeeping gene used for normalization, and L; and L, are
the lengths of the gene of interest and the housekeeping gene
respectively. The selected genes of interest were assumed to
occur as single copy genes. These calculations were first per-
formed for each read direction and housekeeping gene
separately. The results for the four housekeeping genes were
first average for each read direction separately in every station
and then the two read direction per station were averaged to
give the normalized relative abundance for each station.

For taxonomic identification of psaA, pufM, prd and recA, all
reads regarded as positive hits from the second step of the
reciprocal blast were used as a query for another BLASTx
against NCBI NR protein database. This time uncultured bac-
teria, environmental samples, artificial sequences and
synthetic constructs were excluded and the taxonomy of the
best hit was assigned to the positive read.

Multivariate statistical analysis

Multivariate statistical analysis was used to determine the
degree of similarity between the metagenomic samples. Simi-
larity profiles of prd, pufM, psaA, recA and 16S rRNA genes
(derived from Metaxa2) were constructed using relative abun-
dance matrices. For all the analysed genes relative
abundance of best hits was used, except 16S rRNA for which
taxonomic level of order was used. Bray—Curtis dissimilarity
pairwise distance matrix was calculated for each profile and

then clustered by applying hierarchical clustering based on
the Ward agglomeration method. Significantly different clus-
ters were defined by p<0.05 after 2000 permutations using
similarity profile analysis, SIMPROF (Clarke et al., 2008),
which was run with the clustsig package for R (http://cran.r-
project.org/web/packages/clustsig/index.html). In case of sig-
nificant clustering of G1 and G2 apart from G3 to G6 (‘coastal-
impacted’ vs. ‘offshore’ groups), we determined which taxo-
nomic group (within prd and 16S rRNA genes) contributed
most to the observed pattern of dissimilarity between the clus-
ters, by similarity percentage analysis, SIMPER (Clarke,
1993), performed in PRIMER v6 (Clarke and Gorley, 2006)
based on the Bray-Curtis pairwise distance matrices.

Spectral tuning of proteorhodopsins

To predict the spectral tuning of the proteorhodopsins and
assess the abundance of the different forms, we assembled
the metagenome (assembly details are given in the Support-
ing Information). The prediction of the protein-coding genes
and assessment of their abundance was done in four steps: (i)
scaffolds > 1 kb (215,828 in total) from the single combined
assembly of G1-G6 metagenomes were used as an input for
Prodigal to predict protein coding genes (Hyatt et al, 2010,
2012) in total and (ii) the obtained 620,425 gene sequences
were translated and annotated by BLASTp searches against
the non-redudant NCBI database and by Pfam domain calling
(Punta et al., 2012) against Pfam-A database. (iii) For each
sample, the raw reads of each station were mapped separate-
ly to the single assembly with Bowtie2, (iv) read counts per
gene per sample were counted with Bedtools (Quinlan and
Hall, 2010). Spectral tuning analysis was performed on the
133 PR protein sequences that covered the seventh amino
acid position after the conserved ‘RYIDW’ region responsible
for spectral tuning, were more than 140 amino acid long and
belonged to bacterial proteorhodopsin based on the phyloge-
netic analysis (Supporting Information Fig. S7). PRs
absorbing green light have leucine or methionine at the spec-
tral tuning position, whereas PRs absorbing blue light have
glutamine. To correct for the different length assembled for
each PR sequence, the raw read counts were multiplied by
the full prd gene length and divided by the length of the
assembled sequence.

Data deposition

Metagenome sequences can be accessed from the European
Nucleotide Archive (https://www.ebi.ac.uk/ena) which is part
of the EMBL-EBI with the study accession number
PRJEB6559, the separate samples can be accessed with the
following accession numbers: ERS500138, ERS500137,
ERS500136, ERS500131, ERS500083, ERS481549. The
assembled 16S rRNA and assembled prd sequences were
deposited in NCBI GenBank with following accession num-
bers: KU937394-KU937453 (for 16S rRNA) and KU951281—
KU951433 (for prd).
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Supporting information

Additional Supporting Information may be found in the
online version of this article at the publisher’'s web-site:

Fig. S1. Vertical section profiles of oceanographic parame-
ters along a longitudinal transect between stations G1 and
G4 measured in situ. White dotted lines denote the CTD
sampling points, black lines are contours. The profiles are:
(A) temperature, (B) salinity, (C) fluorescence and (D) dis-
solved oxygen. Figures were made using Ocean Data View
version 4.6.2 (http://odv.awi.de).

Fig. S2. Phylogenetic tree of 16S rRNA gene sequences
based on 97% OTUs reconstructed from the metagenome
reads by EMRIGE. Sequence alignment was performed with
SINA v1.2.11 (Pruesse et al., 2012), common gaps were
deleted and the alignment was improved manually. Gblocks
(v. 0.91) (Castresana, 2000) with the relaxed setting was
used to remove ambiguously aligned positions. The final data-
set (65 OTU from EMIRGE and 21 reference sequences)
with 1189 positions was used to reconstruct the phylogenetic
tree using MEGA v6.06 (Tamura et al., 2013) with Neighbor-
Joining algorithm. Pairwise distances were based on the
Kimura-2-parameter model. Bootstrap values (1000 repli-
cates) greater than 70% (0.7) are displayed. The scale bar
indicates nucleotide changes per position. Names on the right
represent the bacterial orders and classes as determined by
the closest affiliation to sequences of known phylogeny. Verti-
cal colored bars on the right of the tree represent the total rel-
ative abundance of all the OTUs included in a specific order
(e.g. Flavobacteria) or clade (e.g. SAR11), at the different sta-
tions (represented by colors, legend on the top left). The tree
was rooted with the clade containing OTU1, an archaeon phy-
logenetically affiliated with the euryarchaeote Candidatus Tha-
lassoarchaea mediterranii.
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Fig. S3. Clustering of microbial community genes deriving
from the six metagenomic samples examined using hierar-
chical clustering dendogram based on Bray-Curtis dissimi-
larity: (A) based on prd gene, (B) recA gene, (C) pufM gene
and (D) psaA gene. Differently colored branches indicate
significantly different (p<0.05) clusters of samples as tested
by SIMPROF analysis.

Fig. S4. Ratios of representative diagnostic phytoplankton
pigments indicative of: (A) diatoms, (B) cyanobacteria, (C)
Prochlorococcus. Abbreviations are as follows:
Fuco = Fucoxanthin, 19-BF = 19-Butanoyloxyfucoxanthin,
19-HF = 19-Hexanoyloxyfucoxanthin, Zea = Zeaxanthin, Div
chl a=divinyl chlorophyll a, Chl a= Chlorophyll a, Chl ¢4/
c3 = Chlorophyll c//cs.

Fig. S5. Relative abundance of PR-bearing bacteria at the
order level in the sampled stations. Taxonomic annotations
were assigned based on BLASTx of extracted prd reads
against the NCBI NR protein database (see Experimental
Procedures for details). Orders with relative abundance
below 0.5% at each station were grouped under “Low abun-
dance orders”. Further details on prd taxonomy at class
and order level and the comparison of prd abundance
between ‘coastal impacted’ versus ‘offshore’ stations are
given below in the supplementary results.

Fig. S6. Relative abundance of AAP bacteria at the order
level in the sampled stations. Taxonomic annotations were
assigned based on BLASTx of extracted pufM reads
against the NCBI NR protein database (see Experimental
Procedures for details).

Fig. S7. Neighbor joining tree of translated assembled prd
gene sequences with more than 140 amino acid: A) over-
view of all groups, B) extended view of the collapsed pro-
teorhodopsin group | and C) of the collapsed
proteorhodopsin group Il. Sequences from this study are
marked by a red dot. Sequences from Uniref90 and the
NCBI NR protein databases were added for context. The
sequences for this tree were aligned with Muscle (Edgar,
2004) using the EMBL-EBI analysis tool web services
(McWilliam et al., 2013). The obtained alignment was
manually improved. The neighbor-joining tree was con-
structed in MEGA v6.06 (Tamura et al., 2013). Distances
between sequences were calculated using the Dayhoff
model for each pair of sequences after removing all
ambiguous positions for each pair. Numbers at nodes indi-
cate bootstrap support >70% based on 100 repetitions.
Scale bars indicate number of amino acid substitutions
per site. Abbreviations are as follows: PR: proteorhodop-
sins, ActR: marine actinobacterial clade rhodopsins, XR:
xanthorhodopsins, VR: viral proteorhodopsins, BR: bacter-
iorhodopsins, HR: halorhodopsins, SR: sensory rhodop-
sins (with | and Il identifying groups).

Table S1. Sampling station locations and concentrations of
dissolved inorganic nutrients and extracted chlorophyll a (10 m
depth). Note: Chlorophyll a was extracted from two separate
filters (2 comma separates the value for each replicate), the
first value is from a filter that was stored for four months and
the second value is from a filter stored for nine months before
extraction. The standard error of the instrument was 0.05 uM
for NO; +NO3 and SiO4, and 0.04 uM PO, .

Table S2. Abundance (fraction out of total cells) of picophy-
toplankton (including picoeukaryotes and Prochlorococcus),
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Synechococcus, AAP and heterotrophic bacteria as deter-
mined by epifluorescence microscopy cell counts in the
sampled station.

Table S3. Abundance of picoeukaryotic phytoplankton, Pro-
chlorococcus, Synechococcus, picophytoplankton as deter-
mined by flow cytometry.

Table S4. HPLC separated and identified pigments of the
sampled stations. Area refers to the intensity of the peaks.
ND stands for: not detected. The two most prominent pig-
ments were 19- hexanoyloxyfucoxanthin (19-HF) and zea-
xanthin, the former indicative of prymnesiophytes (including
coccolithophores) and the latter of picophytoplanktonic cya-
nobacteria (Synechococcus and Prochlorococcus). Ratios
between diagnostic pigments (Fig. S4, Table S4) were used
as indication of the phytoplankton they represent (Sweeney
et al., 2003; Mendes et al., 2007; Moore et al., 2007b). The
high zeaxanthin:chl a and divinyl chl a:chl a ratios at station
G2 suggest a higher abundance of picophytoplanktonic cya-
nobacteria and Prochlorococcus, respectively (Fig. S4).

This is supported by 16S rRNA data (Metaxa2 analysis),
microscopy (with the caveat that the relevant category con-
tains also eukaryotic picopyhtoplankton), and flow cytometry
(Table S3).

Table S5. Total read counts and relative abundance of
reads belonging to different domains of life in the metage-
nomes of the six different stations and two read directions
obtained by MG-RAST for predicted proteins and ribosomal
RNA genes using all annotation source databases. Only
reads that passed the quality control of MG-Rast were
considered.

Table S6. Overview of bacterial hits in each station and
read direction (R1 and R2) for all analyzed genes. Gene
abbreviation are as follows: prd: proteorhodopsin, XR: xan-
thorhodopsin gene, MAC: marine actinobacterial clade rho-
dopsin gene, pufM: photosynthetic reaction center subunit
M, psaA: Photosystem | P700 chlorophyll a apoprotein A1,
recA: recombinase A, gyrB: DNA gyrase subunit B, rpoB:
RNA polymerase subunit B, tuf: elongation factor tu.
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