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The most abundant and ubiquitous microbes in the surface ocean use light as an energy
source, capturing it via complex chlorophyll-based photosystems or simple retinal-based
rhodopsins. Studies in various ocean regimes compared the abundance of these
mechanisms, but few investigated their expression. Here we present the first full seasonal
study of abundance and expression of light-harvesting mechanisms (proteorhodopsin, PR;
aerobic anoxygenic photosynthesis, AAnP; and oxygenic photosynthesis, PSI) from deep-
sequenced metagenomes and metatranscriptomes of marine picoplankton (< 1 um) at
three coastal stations of the San Pedro Channel in the Pacific Ocean. We show that,
regardless of season or sampling location, the most common phototrophic mechanism in
metagenomes of this dynamic region was PR (present in 65-104% of the genomes as
estimated by single-copy recA), followed by PSI (5-104%) and AANP (5-32%). Furthermore,
the normalized expression (RNA to DNA ratio) of PR genes was higher than that of
oxygenic photosynthesis (averagezxstandard deviation 26.2+8.4 vs. 11+£9.7), and the
expression of the AAnP marker gene was significantly lower than both mechanisms
(0.013+0.02). We demonstrate that rhodopsin expression was dominated by the SAR11-
cluster year-round, followed by other Alphaproteobacteria, unknown-environmental
clusters and Gammaproteobacteria. This highly dynamic system further allowed us to
identify a trend for PR spectral tuning, in which blue-absorbing PR genes dominate in areas
with low chlorophyll-aconcentrations (< 0.25 ug/L). This suggests that PR phototrophy is
not an accessory function but instead a central mechanism that can regulate
photoheterotrophic population dynamics.
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Proteorhodopsins dominate the expression of phototrophic mechanisms in seasonal and
dynamic marine picoplankton communities

Ella T. Sieradzki, Jed A. Fuhrman, Sara Rivero-Calle, Laura Gomez-Consarnau
Abstract

The most abundant and ubiquitous microbes in the surface ocean use light as an energy
source, capturing it via complex chlorophyll-based photosystems or simple retinal-based
rhodopsins. Studies in various ocean regimes compared the abundance of these
mechanisms, but few investigated their expression. Here we present the first full seasonal
study of abundance and expression of light-harvesting mechanisms (proteorhodopsin, PR;
aerobic anoxygenic photosynthesis, AAnP; and oxygenic photosynthesis, PSI) from deep-
sequenced metagenomes and metatranscriptomes of marine picoplankton (< 1 pm) at three
coastal stations of the San Pedro Channel in the Pacific Ocean. We show that, regardless of
season or sampling location, the most common phototrophic mechanism in metagenomes of
this dynamic region was PR (present in 65-104% of the genomes as estimated by single-
copy recA), followed by PSI (5-104%) and AAnP (5-32%). Furthermore, the normalized
expression (RNA to DNA ratio) of PR genes was higher than that of oxygenic
photosynthesis (average+standard deviation 26.2+8.4 vs. 11+9.7), and the expression of the
AAnP marker gene was significantly lower than both mechanisms (0.013+0.02). We
demonstrate that rhodopsin expression was dominated by the SAR11-cluster year-round,
followed by other Alphaproteobacteria, unknown-environmental clusters and
Gammaproteobacteria. This highly dynamic system further allowed us to identify a trend
for PR spectral tuning, in which blue-absorbing PR genes dominate in areas with low
chlorophyll-aconcentrations (< 0.25 pg/L). This suggests that PR phototrophy is not an
accessory function but instead a central mechanism that can regulate photoheterotrophic
population dynamics.

Introduction

Sunlight is the most readily available source of energy in the photic zone of the ocean. Light
utilization in marine microorganisms is divided between complex, high-yield photosystems
(oxygenic and anoxygenic photosynthesis) and simple, low-yield rhodopsins (Finkel et al.,
2013). Light-harvesting mechanisms span the entire visible light spectrum, with
bacteriochlorophyll-a and chlorophyll-a (Chl-a) utilizing its extremes, and various types of
rhodopsins absorbing intermediate frequencies (Fuhrman et al., 2008). Since the discovery of
proteorhodopsin proteins (PR; Beja et al., 2000; 2001), several surveys in various oceanic
regimes demonstrated their global abundance (Rusch et al., 2007; Boeuf et al., 2016; Brindefalk
et al., 2016; Dubinsky et al., 2017). Furthermore, genomic studies showed that the gene coding
for PR is present in some of the most abundant bacteria in the ocean, e.g. SAR11 and SAR86
(Beja et al., 2000; Sabehi et al., 2004; Giovannoni, 2005). PR-coding genes have also been found
in some microbial eukaryotes such as fungi and photosynthetic protists, as well as in archaea and
even in viruses as an auxiliary metabolic gene (Philosof and Beja, 2013; reviewed by Pinhassi et
al., 2016). Microbial rhodopsins are the simplest light-harvesting mechanisms known to date,
containing only one membrane protein and a retinal chromophore (Béja et el. 2000). Light-
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driven proton pump PRs can increase the membrane potential of the cell, ultimately supporting a
variety of processes such as ATP synthesis (Béja et al, 2000; Walter et al. 2007; Steindler et al.
2011), substrate uptake (Steindler et al. 2011; Gomez-Pereira et al. 2013; Gomez-Consarnau et
al. 2016), survival during starvation (Gémez-Consarnau et al. 2010; Steindler et al. 2011) and/or
salinity stress response (Feng et al. 2013). Taken together, their structural simplicity and the
range of functions they can support seem to have promoted the expansion of microbial
rhodopsins in the sunlit ocean. However, estimates of the relative abundance of PR genes using
metagenomics (Finkel et al. 2013; Brindefalk et al. 2016; Dubinsky et al. 2017) or
metatranscriptomics (Shi et al. 2011; Kopf et al. 2015) have only been examined recently. In
contrast to qPCR methods, next generation sequencing techniques can provide more reliable
estimates without introducing qPCR and cloning biases that would miss certain PR gene types
(Nguyen et al., 2015; Boeuf et a. 2016).

Rhodopsin genes are highly expressed in the photic zone (Frias-Lopez et al., 2008; Poretsky et
al., 2009; Satinsky et al., 2014). While generally transcription is not always an indicator of
protein activity, one study shows good correlation between transcription of proteorhodopsin and
PR synthesis in a diatom (Marchetti et al., 2015) and another shows diel oscillations in
proteorhodopsin transcription that peak before dawn, implying a preparation for light harvesting
during the day (Ottesen et al., 2014). Combined, these results may indicate that transcription
levels are a good proxy for PR synthesis. With that, there is limited information on the
expression of rhodopsins compared to other light-harvesting mechanisms. In contrast with the
established global distribution and abundance of rhodopsin taxonomic clades, very few studies
have compared their expression in environmental samples (Shi et al., 2011; Kopf et al., 2015;
Boeuf et al., 2016; Brindefalk et al., 2016; Vader et al., 2018). Additionally, the vast majority of
studies were based on single time-points, with the exception of Sabehi et al. (2007), which
compared winter and summer expression at two sites (Mediterranean and Sargasso Sea) and
Nguyen et al. (2015), which compared early- and late-winter expression in the arctic. Thus,
information on temporal expression patterns of different rhodopsin clades remains scarce.

Proteorhodopsin has two main variants that differ in their light absorption spectrum (Béja et al.,
2001; Man et al., 2003). This spectral tuning is determined by a single residue at the frequency-
tuning site (FTS) (Man et al., 2003). It has been proposed that spectral tuning is related to the
spectral quality and quantity of light in the water, i.e. water color. Consistent with this pattern,
green-tuned proteorhodopsin are generally common in coastal waters, whereas the blue-tuned
counterparts are typical of open ocean or deeper water (Fuhrman et al., 2008 and references
therein; Pinhassi et al., 2016). For instance, while more than 70% of the PR sequences retrieved
from the ultraoligotrophic Eastern Mediterranean were classified as blue-absorbing (Dubinsky et
al. 2017), less than 10% belonged to this group in the eutrophic Baltic sea (Brindefalk et al.
2016). No study to date has evaluated: 1) whether this distribution pattern applies to more
dynamic environments with contrasting trophic conditions associated to seasonal and spatial
gradients, or 2) whether the specific underwater light field could be an important ecological
driver for photoheterotrophic populations in nutrient dynamic regions.

Here we present the first seasonal study of PR in metagenomes and metatranscriptomes of
surface water microbial communities at three contrasting locations of the San Pedro Channel
(fig. 1). The transect spanned 23 miles between the highly polluted Port of Los Angeles and the
mildly impacted Santa Catalina Island, with the largely oligotrophic San Pedro Ocean Time-
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series (SPOT) halfway between them. We further compared PR abundance and distribution to
the other two main phototrophic metabolisms in surface waters: oxygenic photosynthesis and
aerobic anoxygenic phototrophy. Our data show that PR is the dominant phototrophic
metabolism in microbial metagenomes and metatranscriptomes of this dynamic environment
year-round.

Materials and methods

Sample collection

Surface seawater was collected from the Port of Los Angeles (33°42.75'N 118°15.55'W), the San
Pedro Ocean Time-series (33°33.00'N 118°24.01'W) and Two Harbors, Santa Catalina Island
(33°27.18'N 118°28.51'W) in four seasons: July 2012, October 2012, January 2013 and April
2013. The water was prefiltered through a 1 um glass fiber filter and then through a 0.22 pm
Sterivex polyethersulfone (PES, Millipore, SVGPL10RC) filter, preserved in RNAlater, flash
frozen and kept in -80°C until extraction.

Chemical and biological parameters

Whole seawater for nutrients analysis were collected and kept in -20°C until they were sent to
analysis at the Marine Sciences Institute Analytical Lab at University of California, Santa
Barbara. Bacteria and viruses per ml seawater were counted using SYBR green epifluorescence
microscopy (Noble and Fuhrman, 1998; Patel et al., 2007). Chlorophyll-a concentration
measurements were courtesy of the Caron lab at the University of Southern California.

16S5/18S-rRNA amplification and sequencing

Hypervariable regions V4-V5 were amplified from DNA and cDNA of all samples following the
protocol described in Parada et al. (2015). The products were bead-cleaned with Ampure beads
at a 1x ratio, diluted to 1 ng/ul and pooled. The pool was bead cleaned again at a 0.8x beads to
pool ratio, insert size was verified on an Agilent 2100 Bioanayzer and sequenced on Illumina
MiSeq 300 bp paired-end at the UC Davis genome core.

The resulting reads were quality-trimmed using Trimmomatic 0.3 (Bolger et al., 2014) with
parameters set to Leading:20 Trailing:20 Slidingwindow:15:25. The reads were then merged
with Usearch 7 (Edgar, 2010) and analyzed using Mothur (Kozich et al., 2013) following the
Miseq SOP (https://www.mothur.org/wiki/MiSeq SOP).

Reads that failed to merge, and were therefore more likely to represent 18S-rRNA, were first
concatenated with an additional N base between the forward and reverse-complemented reverse
read as described in Needham et al., 2016, and then clustered with usearch 6.1 (Edgar, 2010) at
97% identity via the Qiime framework. Taxonomy was assigned using SILVA release 132
(Yilmaz et al., 2014). These reads were used only to estimate the relative abundance of diatoms
in all samples.

Metagenomic and metatranscriptomic Library preparation

RNAlater was removed from the Sterivex filters as much as possible in order to improve DNA
yield. Cells on the filters were lysed by bead-beating for 2 cycles of 10 minutes each with glass
beads in 1.5 ml STE buffer injected into the Sterivex. DNA and RNA were then extracted from
the flow-through using the AllPrep kit (Qiagen) that yields RNA and DNA from the same
sample simultaneously. After extraction and quality assessment with Qubit HS (Thermo-Fisher
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139 Scientific) and Bioanalyzer 2100 (Agilent) nucleic acids were stored at -80°C until further

140 processing. RNA samples were spiked with an internal standard (ERCC RNA Spike-In Mix,
141 Thermo-Fisher 4456740). Libraries were prepared using Ovation Ultralow library system V2
142 (Nugen, 0344) and sequenced on Illumina HiSeq 2x125 bp or 2x150 bp for metagenomes and
143 2x250 bp for metatranscriptomes.

144

145  Sequence quality trimming

146  Quality trimming was performed using Trimmomatic 0.33 (Bolger et al., 2014) with parameters
147  set to Leading:20 Trailing:20 Slidingwindow:15:25. Internal standard reads were removed from
148 the metatranscriptomes informatically. Metatranscriptomic reads were merged with PEAR

149 (Zhang et al., 2013). Metagenomic reads could not be merged due to insert length and only the
150 forward read was used. Sequencing depth after quality control is detailed in sup. table S2.

151

152 Marker genes selection

153 Each of the light-harvesting mechanisms has established marker genes (Finkel et al., 2013),

154  which are both single-copy in most cases and can be found in all organisms that use said

155 mechanisms. These genes can also be correlated to phylogeny, albeit not at very a high

156 resolution and with the caveat that they (mainly proteorhodopsin) can be laterally transferred.
157 Those marker genes can be used to track global distribution as well as expression. The prd gene
158 codes for the membranal protein of proteorhodopsin, which anchors the retinal antenna. psa4
159 codes for apoprotein al which binds P700, the main electron donor of photosystem-I and pufM
160 codes for chain M in the reaction center of the anoxygenic bacteriochlorophyll (Finkel et al.,
161 2013).

162

163  Assembly

164 Contigs were assembled within each metagenome/metatranscriptome separately with Megahit
165 vl1.0.4 (Lietal., 2016) and clustered with cd-hit (Fu et al., 2012) at 99% identity. Contigs longer
166 than 2000 kbp were co-assembled with Minimus2 (Sommer et al., 2007) and shorter contigs
167 were co-assembled with Newbler (Margulies et al., 2005). Both co-assemblies required

168 minimum overlap 40 bp minimum identity 99% and clustered again with cd-hit at 99% identity.
169

170 Marker gene extraction from assemblies

171  Open reading frames (ORFs) were identified using prodigal version 2.6.2 (Hyatt et al., 2010).
172  The resulting translated ORFs were then searched for Prd, PsaA, PufM, Pufl. and RecA proteins
173  via Anvi’o (Eren et al. 2015), and ORF sequences long enough to not affect the curated

174  alignment were added to the protein dataset used for phylogenetic placement (see below).

175 Assembled PsaA ORFs were all placed in the eukaryotic clade (sup. fig. S4), assembled Prd
176  ORFs represented multiple clades and contributed significantly to recruitment (sup. table S3),
177 and no assembled PufM ORFs matched our criteria.

178

179  Phylogenetic trees

180 Curated protein subsets limited to aquatic bacteria, archaea, viruses and picoeukaryotes of PsaA,
181 PufM and PufL were downloaded from Pfam (Finn et al., 2016) and RefSeq. These sets were
182 supplemented by those protein sequences found in the assembled contigs. Two sets of sequences
183 were aligned using mafft (Katoh et al., 2013) (globalpair, gap open penalty 1.5, gap extension
184 penalty 0.5 and scoring matrix BLOSUM30) and alignment trimming (Gblocks b3=50, b4=5,
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b5=h, Castresana, 2007): one set of psa4 only and the other of psbA, pufM and pufL which are
homologous. Each alignment was then used to build a Hidden Markov Model (HMM) using
HMMER 3.0 (Johnson et al., 2010) and a maximum likelihood tree with RAXML v8.2.5
(Stamatakis, 2014) using WAG substitution matrix and Gamma model (Ignacio-Espinoza et al.,
2012). The trees are provided under supplementary figures S4 and S6.

A curated alignment and a phylogenetic tree of proteorhodopsin gene prd was graciously
provided by the MicRhoDE project (Boeuf et al., 2015). The alignment was used to build an
HMM of the Prd amino acid sequence via hmmbuild. The protein sequences from the assembled
contigs were first placed into the MicRhoDE tree (see sup. table S3 for placements) and the
resulting tree was used for placement of short reads.

Short reads placement

Most studies use either best blast hit or reciprocal blast to recruit reads to rhodopsins, whereas
we used a combination of blastx, a HMM (Hidden Markov Model) and placement of short
translated reads into a phylogenetic protein tree. This method almost always yielded many more
reads than reciprocal blast, which is intentionally a very conservative estimate (sup. fig. S5).
All reads from the metagenomes and metatranscriptomes were searched against the curated
protein datasets using blastx (Camacho et al., 2009) and requiring an e-value of 10-°. Reads that
hit those genes were translated and searched again using the HMMs with hmmsearch, and
aligned to the dataset using hmmalign. The remaining reads were placed into the phylogenetic
trees with pplacer 1.1 (Matsen et al., 2010).

The same process with the exception of placement into a phylogenetic tree was performed for
RecA and used for normalization of the functional genes.

Gene abundances were determined by the formula

(funcAbun/funcLen)/(RecAAbun/RecALen)

where func is any functional gene (psad, prd or pufM), funcAbun is the relative abundance of
reads placed into leaves in the phylogenetic tree of this functional gene per sample, funcLen is
the length of the HMM built for the functional gene, RecAAbun is the relative abundance of
reads mapped to RecA per sample by HMM and RecALen is the length of the RecA HMM.

Reciprocal blast

For comparability to previous papers, reads mapping to all genes were also extracted from the
metagenomes and metatranscriptomes using reciprocal blast. First, we built a blast database from
every metagenome and metatranscriptome. Then we used the curated sequences as a query to
search these databases using tblastn (Camacho et al., 2009). The reads that resulted from this
search were then searched against the NCBI non-redundant database (nr) using blastx (Camacho
et al., 2009), and only reads that hit the desired genes were retained. General trends between
genes were similar using this method compared to HMMs but the number of recruited reads was
almost always significantly lower for the functional genes (sup. table S2, sup. fig. S5).

Blue/green tuning of proteorhodopsin

Reads that mapped to the frequency tuning site (FTS) in the protein alignment (using
HMMalign) were analyzed to determine tuning relative abundance of blue (glutamine) or green
(leucine or methionine). While other residues were observed, they were extremely rare and
therefore not included in the analysis.
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231 Remote sensing data acquisition and analysis

232  MODIS level 3 mapped daily 4km resolution satellite products of remote sensing reflectance
233 (RRS) were downloaded from the NASA ocean color distribution website

234 (https://oceancolor.gsfc.nasa.gov) in October 2017. Satellite products for this study were

235 extracted for each location and date spanning six days before and one day after sampling,

236 therefore exploring the short temporal variability as well. To account for cloud cover in some
237 dates and locations on the day of sampling, we used the corresponding data from the next day.
238 Additionally, we averaged our satellite estimates within a 0.15 degree radius from each sampling
239 location.

240

241 Statistics

242  Shannon index of evenness was calculated using the R package RAM and the one-sided paired t-
243 test between gene abundance evenness and expression evenness was run using R basic package
244 with mu=0.

245 Spearman correlations were calculated using the corr.test function within the R package psych
246  (https://cran.r-project.org/web/packages/psych/psych.pdf). This function can calculate Spearman
247  correlations with p-value correction for multiple tests (we used option “fdr” for the correction).
248

249  Data availability

250 All raw data (16S/18S, metagenomes and metatranscriptomes) can be found on EMBL-ENA
251 under project number PRIEB12234. Metatranscriptomics sequences accession numbers are

252 ERSI1864892-ERS1864903, and negative control library sequences accession number is

253 ERR2089009. Metagenomic sequences accession numbers are ERS1869885-ERS1869896 and
254  negative control accession number is ERS1872073.

255 Assembled amino acid sequences of Prd, PsaA and RecA can be found at

256  https://figshare.com/collections/Dimensions_of Biodiversity - San Pedro Channel/4099757 .
257

258 Results

259

260 Abundance and expression of light-harvesting mechanisms

261

262  We estimated the fraction of microbial cells that contain each of the light-harvesting mechanisms
263 by normalizing the relative abundance of genes coding for rhodopsins (prd), photosystem-I

264 (psaA) and aerobic anoxygenic photosynthesis (pufM) to the relative abundance of the single-
265 copy housekeeping gene recA (Finkel et al., 2013; Brindefalk et al., 2016; Dubinsky et al., 2017)
266 which is also used as a baseline for RNAseq experiment normalization (Rocha et al., 2015). The
267 relative abundance of each of these genes in metatranscriptomes was then divided by their

268 relative abundance in metagenomes to generate a normalized RNA to DNA ratio for each gene
269 within each sample. Regardless of season or sampling location, the most common phototrophic
270 mechanism in metagenomes was PR (65-104% compared to recA), followed by PSI (5-104%)
271 and AAnP (5-32%) (fig. 2A). In fact, in 10 out of 12 samples the prd gene exceeded 80% of recA
272  abundance (sup. fig. S2). The percentage for PSI was variable while the percentages of PR

273 remained within a narrower range through the different seasons and stations (fig. 2A). The

274  expression of both prd and psaA was consistently 1-2 orders of magnitude higher than their

275 respective gene abundance (fig. 2B). The RNA to DNA ratio also revealed that while pufM gene
276 abundance was sometimes comparable to psaA4 (fig. 2A), its expression was 2-3 orders of
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277 magnitude lower (fig. 2B). pufM expression was also 2-3 orders of magnitude lower than pufM
278 gene abundance, suggesting that most of the AAnP bacteria in our samples were not actively
279 performing this type of phototrophy (fig. 2B). Interestingly, we did not observe any geographical
280 or seasonal trends for the presence of any light-harvesting strategies (fig. 2).

281 The combined normalized relative abundance of PR and PSI was higher than 100% in all

282 samples analyzed, suggesting multiple gene copy numbers or coexistence of these mechanisms
283  within the same prokaryotic cells (Finkel et al. 2013; Dubinsky et al 2016), as previously shown
284 in marine eukaryotic algae (Marchetti et al., 2012; 2015). While we did not observe any

285 significant correlation between abundance of PR and PSI genes or transcripts, strong negative
286 correlations between PR expression and total chlorophyll-a (Chl-a) concentrations were clearly
287 identified at POLA and SPOT (fig. 3).

288

289  Proteorhodopsin distribution by cluster

290

291 While our metagenomes revealed high taxonomic evenness of rhodopsin clusters (fig. 4B, sup.
292 fig. S1, average Shannon index of evenness 0.7£0.06), expression was dominated by the SAR11
293  cluster (52+14%) followed by other Alphaproteobacteria (12+7%), Gammaproteobacteria

294  (15+6%) and unknown environmental clusters (8£2%) (fig. 4 A). Evenness in expression was
295 always lower than evenness in gene abundance within a sample (one-sided paired t-test on

296 Shannon index of evenness, p=0.0003) except at POLA in April 2013 (sup. fig. S1). This

297 particular sample was collected during a localized algal bloom with the highest Chl-a

298 concentration measured in this study (12.7 pg/L). The AAnP RNA to DNA ratio in this sample
299 was the highest we detected, and this was the only time in which expression of PSI surpassed
300 that of PR (fig. 2B). PR expression in this sample was dominated by Gammaproteobacteria

301 (30%) and SAR11 prd expression dropped to 16%.

302

303 The SARI1I cluster. We further examined the prd gene abundance and expression patterns of the
304 SARII1 cluster, as this was the most abundant PR-containing group overall. SAR11 prd

305 expression correlated positively with expression of SAR11 OTUs determined by 16S-rRNA (fig.
306 5B). This correlation was also observed at the gene level after removing one outlier (POLA April
307 2013) (fig. 5SA). We further examined the presence and expression of specific SAR11 strains
308 within the SAR11 cluster by calculating recruitment per leaf on the MicRhoDE phylogenetic tree
309 of rhodopsins (Boeuf et al., 2015). We found that the high-resolution expression patterns were
310 also much less even than gene distribution, where the top 10 most highly expressed leaves

311 generally accounted for >70% of the SAR11 prd transcripts compared to less than 50% of gene
312 abundance (fig. 6). The mean Shannon index of evenness for gene abundance was 0.80+0.09,
313 and significantly lower for expression: 0.57+0.08 (Wilcoxon rank sum test, paired one-sided,
314 p=0.0005). Only 4 of the 10 most expressed prd transcripts were also in the top 10 highest gene
315 abundances (fig. 6C,D). Thus, it would appear that there are SAR11 strains in our samples that
316 have low to no PR activity or do not contain a proteorhodopsin gene. In order to address the

317 possibility that there are SAR11 strains which do not carry the prd gene and could decouple

318 SARI1 16S-rRNA relative gene abundance from prd gene abundance, we attempted to find

319 Spearman correlations between the relative abundance of specific SAR11 OTUs and the sum of
320 all SARI11 prd gene abundance, but none were significant.

321

322
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323 Other clusters. Although we found 13 viral rhodopsin open reading frames (ORFs) in our

324 assemblies, the viral PR cluster does not appear to be expressed (no more than 2.2% of the total
325 rhodopsin transcripts per sample). Archaeal clusters were extremely rare (<1% of the

326 metagenomic and <2% of metatranscriptomic reads recruiting to prd).

327 Expression and gene abundance of eukaryotic rhodopsins were not apparent in any of the

328 samples. Most of the eukaryotes that are known to carry rhodopsins, such as diatoms and

329 dinoflagellates, are large and not expected to be present in our <1 pum size-fraction (Marchetti et
330 al., 2015; Vader et al. 2018). The picoeukaryotes Micromonas spp. and Bathycoccus spp. that
331 have been shown to contain rhodopsin genes and are sometimes found in the San Pedro Channel
332 were not present in the small size-fraction of our samples.

333

334 PR Spectral tuning

335

336 We analyzed the spatiotemporal distribution of the two main PR variants (blue and green) in the
337 metagenomes and compared our results to previously reported data (Brindefalk et al. 2016;

338 Dubinsky et al. 2017). Consistent with being a coastal environment, the majority of our samples
339 were dominated by green-absorbing PR genes (fig. 7A). However, samples collected at CAT and
340 SPOT in October were dominated by the blue absorbing type, with 63% and 62% respectively.
341 These two particular samples were collected on dates when Chl-a levels were the lowest

342 measured in this study, below 0.25 pgL-!. Furthermore, the compilation of our data with values
343 measured in the Eastern Mediterranean (Dubinsky et al., 2017) revealed a strong correlation

344  between percent of blue-absorbing PR genes and the Chl-a concentrations only below 0.25 pgL-!
345 (Figure 7B). However, the concentration of Chl-a in the water is only one of the components that
346 determine water color. To fully evaluate the role of the underwater light field in the spectral

347 tuning of PR, we compared the proportion of green and blue PR gene variants to the

348 corresponding satellite products of remote sensing reflectance (Rrs). The satellite remote sensing
349 reflectance data shows predominantly blue reflectance spectra for all locations in July and

350 October and green spectra in January and April (fig 8).

351

352 Discussion

353

354  Proteorhodopsin dominates abundance and expression of picoplankton light-harvesting

355  mechanisms year-round

356

357 High abundance of rhodopsin genes was previously described in the Global Ocean Sampling
358 data (Rusch et al., 2007) and in various other marine datasets (reviewed by Pinhassi et al., 2016;
359 Brindefalk et al., 2016; Boeuf et al., 2016; Dubinsky et al., 2017, Maresca et al. 2018), and our
360 observations further support this observation. However, most studies so far have focused on

361 single time-points, and information on seasonal distribution of rhodopsin genes is lacking. Our
362 experimental design allowed us to compare different contrasting locations and seasons, with the
363 potential to identify patterns of phototrophy and resource availability. Previous studies in several
364 marine environments (i.e. the North Atlantic and Arctic oceans as well as the Eastern

365 Mediterranean Sea) found a correlation between prd gene abundance in genomes and Chl-a

366 levels in seawater (Campbell et al. 2008; Boeuf et al., 2016; Dubinsky et al., 2017). This trend
367 was further observed at the transcript level, showing higher prd gene transcripts in the Arctic
368 (Boeufetal., 2016). Unexpectedly, we found that the presence of the prd gene in genomes was
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369 high year-round in this dynamic ecosystem, even at the eutrophic station of POLA (fig. 2A, sup.
370 table S1), suggesting that the trophic state of the water is not always a good predictor of PR

371 abundance.

372  Rhodopsin expression in the San Pedro Channel was consistently higher than oxygenic

373 photosynthesis in the picoplankton over different seasons, with the exception of one sample

374 taken during a localized algal bloom (fig. 2B). While a considerable amount of photosynthesis is
375 performed by large photosynthetic eukaryotes, picoplankton can, in fact, represent the majority
376 of the photosynthetic community at SPOT and CAT (Connell et al., 2017; Needham et al., 2017),
377 and rhodopsin genes were shown to be more abundant in this size fraction as well (Finkel et al.,
378 2013). Our results support the previously reported low gene abundances of aerobic anoxygenic
379 photosynthesis (AAnP) (Boeuf et al., 2013, 2016; Dubinsky and Haber et al., 2017), but we

380 further show that its expression is negligible compared to the other light-harvesting mechanisms
381 (fig 2). Overall, we found no spatial trends in abundance or expression of rhodopsin genes, but
382 oxygenic photosynthesis and AAnP were significantly lower at POLA (sup. fig. S3). This

383 highlights the importance of examining not just abundance of genes but also their expression
384 when comparing these ubiquitous phototrophic strategies.

385

386 PR expression is negatively correlated with chlorophyll-a concentrations

387

388 Despite the co-occurrence of rhodopsin prd genes and oxygenic photosynthesis psad genes (fig.
389 2), prd expression appeared to be negatively correlated to Chl-a concentrations at SPOT and
390 POLA (fig. 3), as previously reported in the Arctic Ocean (Boeuf et al., 2016) and the Eastern
391 Mediterranean (Dubinsky et al., 2017). We speculate that the slope of this correlation was

392 steeper at POLA compared to SPOT due to the higher abundance of large photosynthetic

393 eukaryotes at POLA (Connell et al., 2017), which can lead to more available organic carbon due
394 to leaky cells and sloppy feeding. Availability of organic carbon enables cells to acquire energy
395 heterotrophically rather than harvesting light. Consistent with this hypothesis, in terms of

396 physiology, PR phototrophy has been shown to be important particularly under DOM-limiting
397 conditions typical of oligotrophic/low chlorophyll regimes (Steindler et al. 2011; Gomez-

398 Consarnau et al. 2007, 2010, 2016). The negative correlation between prd expression and Chl-a
399 concentrations was particularly clear at POLA in April 2013, when a localized diatom bloom
400 was observed which did not extend to the other sites and led to the composition of the microbial
401 eukaryotic community entirely diverge from all other samples (Hu et al., 2016; Connell et al.,
402 2017). This was the only sample in which the expression of psad genes for oxygenic

403 photosynthesis exceeded that of prd genes. The high expression of psaA in this sample might be
404 explained in part by the presence of chloroplasts released from diatoms that broke during the
405 filtration and ended up being collected on the 0.2 um filter. As the cumulative abundance of
406 photosynthetic eukaryotes was significantly higher in this particular sample (Connell et al.,

407 2017), and the relative abundance of diatom 18S DNA and RNA in it was higher than or equal to
408 that of all other samples combined, this artifact is much more likely to have occurred in this

409 sample. While the relative abundance of prd genes by clusters in this sample was similar to

410 others, the expression pattern was unique (fig. 4AB, sup. fig. S1). This observation could be
411 explained by the fact that our prd clusters are grouped at a rather coarse, mostly phylum level,
412  while the changes in expression may have been influenced a finer-level shift of the microbial
413  succession during the bloom (Needham et al., 2016; 2017).

414
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415 SARI1 is the most highly expressed rhodopsin cluster

416

417 Owing to the differences between the present rhodopsin-bearing community and its active

418 subset, prd gene abundance distribution by cluster was more even at the gene level (sup. fig. S1),
419 as earlier observed in the Red Sea (Philosof and Beja, 2013). The vast majority of rhodopsins in
420 our sites were proteorhodopsins from the SAR11 cluster. The SAR11-cluster of proton-pump
421 type proteorhodopsins dominated prd transcripts (fig. 4B). Furthermore, the expression of this
422  cluster correlated positively with the expression of SAR11 16S-rRNA operational taxonomic
423  units (OTUs, 99%). This correlation was maintained at the gene level with the exception of

424 POLA in April, potentially due to the interference introduced by the diatom bloom. These

425 matching trends of presence and expression of the SAR11 proteorhodopsins aligns with the

426 streamlined nature of SAR11 genomes and their reported constitutive expression of this protein
427 (Giovannoni et al., 2005).

428  Other rhodopsins (e.g. actinorhodopsin, bacteriorhodopsin, xanthorhodopsin, halorhodopsin and
429 xenorhodopsin) were rare (fig. 4AB). The abundance and expression of viral PRs was also very
430 low, consistent with the fact that viral PRs were so far detected only in giant Phycodnaviruses of
431 freshwater eukaryotes (Yutin and Koonin, 2012) and in low-salinity water (Brindefalk et al.,

432 2016). While there is an inherent problem with normalizing both abundance and expression of
433  viral proteorhodopsin, as there are no universal viral marker genes to normalize to, this limitation
434  was unlikely to affect our results due to the low relative abundance of viral PR. However, this
435 should be taken into account in studies where the viral cluster is more highly represented.

436

437  Proteorhodopsin spectral tuning has a key role in population dynamics

438

439 Some studies show that blue light absorbing PR variants dominate in open ocean, oligotrophic
440 conditions, whereas the green variants are more abundant in shallow or coastal water (Man et al.,
441 2003; Rusch et al., 2007). However, these observations are not consistent in the literature, as
442  some studies show the different PR types to be decoupled (Sabehi et al., 2007). As conditions at
443  SPOT and CAT are dynamic and fluctuate seasonally between oligotrophic and mesotrophic
444  (Connell et al., 2017), we expected the spectral tuning of PRs to vary throughout the year. We
445 observed a majority of blue absorbing PRs only in October of 2012, which coincided with the
446 lowest Chl-a concentrations recorded in this study. Comparing our results with published data
447  from the ultraoligotrophic Eastern Mediterranean Sea (Chl-a < 0.01 pg/L, Dubinsky et al., 2017),
448 we observed a Chl-a concentration pivot point of about 0.25 pug/L. When Chl-a concentration
449 was below this threshold, as in the Mediterranean and at SPOT and CAT in October, there was a
450 highly significant negative correlation of chlorophyll concentration with prd expression, as well
451  as high (60-75%) percent blue absorption (fig. 4C). However, above this threshold the

452  percentage of cells with the blue variant dropped to an average of about 30% with no clear

453  correlation to chlorophyll (fig. 3B), further supported by even higher relative abundance of the
454  green variant (>90%) in the Baltic Sea (Brindefalk et al., 2016). However, Chl-a concentration is
455 only a proxy for the quality and quantity of light in the water column and the dissolved organic
456 material (DOM) available. Under bloom conditions, Chl-a concentrations increase, turning the
457  water greener and reducing its transparency. The consequent increase in available DOM that
458 follows blooms will further attenuate light in the water column, particularly in the blue and UV
459 region of the spectrum. The resulting combination of reflectance and absorption by algal

460 pigments, dissolved organic matter, water and inorganic particles is what determines the
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461 available light in the water column. When DOM is low, light harvesting and spectrally tuning PR
462 may play a crucial role in survival or fitness of photoheterotrophic bacteria populations. This is
463 evident in the most oligotrophic locations such as the Eastern Mediterranean (Dubinsky et al.
464 2016). Consistent with this, in year-round eutrophic locations such as the Baltic Sea, the

465 dominant variant is green whereas in dynamic locations such as SPOT and POLA, a mix of the
466 two variants can be expected. Since we can readily identify these patterns at the gene level, our
467 data indicates that the light regime is a key factor selecting PR-containing populations, as

468 suggested in the past (Sabehi et al., 2007). Future studies will be needed to better define and

469 increase the resolution of these thresholds to better understand the role of light wavelength

470 availability in population dynamics, survival and competition.

471

472  Conclusion

473

474  Our spatial time-series analysis of proteorhodopsin and oxygenic and anoxygenic photosynthesis
475 in marine picoplankton revealed that (1) expression of rhodopsin-based photoheterotrophy

476 exceeded that of oxygenic photoautotrophy, (2) between rhodopsin clusters expression did not
477 necessarily follow the patterns of gene abundance, and (3) aerobic anoxygenic photosynthesis is
478 not an important process in this system despite detectable gene abundances. It is highly

479 important to continue collecting more deeply-sequenced metatranscriptomic data in order to

480 begin to elucidate the local adaptations of photoheterotrophs in the ocean that lead to their global
481 success. Finally, our results reinforce the conclusion that the differences in the light spectrum are
482 an important selective force, defining the abundance of different PR photoheterotrophic types.
483
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Figure 1

Map of the sampling sites

PEER-

REVIEWED

Port of Los Angeles (POLA, 33°42.75'N, 118°15.55'W), San Pedro Ocean Time-series (SPOT,
33°33'N, 118°24'W) and Catalina Island (CAT, 33°27.17 N, 118°28.51'W). Adapted with

author permission from Connell et al., 2017.
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Figure 2

Normalized abundance and expression of phototrophic mechanisms

(A) Relative gene abundance of photosystem-I (PSI, psaA, green), rhodopsin (PR, prd, dotted
blue) and aerobic anoxygenic photosynthesis (AAnP, pufM, grey) normalized to recA in
metagenomes and (B) the ratio between relative abundance in metatranscriptomes to
relative abundance in metagenomes (RNA to DNA ratio) per gene. Note that the Y axis in B is

logarithmic.
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Figure 3

Negative correlation between proteorhodopsin expression and Chlorophyll-a at POLA
and SPOT

Prd expression was normalized to RecA expression. Trendline equations and R?values are

indicated on the plot. No correlation was found in CAT.

*Note: Auto Gamma Correction was used for the image. This only affects the reviewing manuscript. See original source image if needed for review.
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Figure 4

Relative abundance of rhodopsin clades by site and date

Relative abundance was calculated out of all rhodopsin-assigned reads per sample in (A)
metagenomes (average prd reads per sample 6485, standard deviation 3927) and (B)
metatranscriptomes (average prdreads per sample 43005, standard deviation 22367). The
evenness of rhodopsin gene abundance was consistently high (see also sup. fig. S1), whereas
expression was dominated by SAR11 (dotted blue), other Gammaproteobacteria (dotted red),

Alphaproteobacteria (grey) and unknown environmental clade (black).
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Figure 5

SAR11 correlation between 16S-rRNA and prd

(A) relative gene abundance and (B) relative transcript abundance

*Note: Auto Gamma Correction was used for the image. This only affects the reviewing manuscript. See original source image if needed for review.
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Figure 6

High resolution breakdown of the SAR11 cluster of proteorhodopsin

SAR11 cluster of proteorhodopsins at the single protein level (per leaf in the MicRhoDE
phylogenetic tree) had higher evenness in gene abundance than in expression (Wilcoxon
rank sum test, paired one-sided, p=0.0005). (A) SAR11-cluster prd total gene abundance
over time and sites, (B) SAR11-cluster prd total expression over time and sites, (C) relative
abundance of the top 10 most abundant SAR11-cluster prd genes (all other SAR11-cluster
prd were added up and represented as “other”, total 12,852 reads) and (D) relative
abundance of the top 10 most highly expressed SAR11-cluster prd (total 185,019 reads).
Note that C and D have separate legends and that only 4 prd leaves are shared between

them. Leaves are denoted by accession numbers.
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Figure 7

Spectral tuning of rhodopsins in our dynamic system and a comparison to previous
studies.

(A) Relative abundance of blue/green variants of proteorhodopsin in metagenomes (294-
2112 reads per sample): leucine (L) is represented by light green, methionine (M) by dark
green and glutamine (Q) by blue. There was not enough data to plot tuning distribution at
POLA in April 2013. (B) 0.25 pg/L is the Chl-a threshold between environments dominated by

blue-tuned proteorhodopsin or green-tuned based on data from this paper and previous

publications.
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Figure 8

Average Remote sensing reflectance spectra (Rrs) per location and season

(A) July 15 and 16, 2012, (B) October 19 and 20, 2012, (C) January 9 and 10, 2012, (D) April

24 and 25, 2013. Measurements were averaged over 2 days including the sampling day and

the day before or after, depending on satellite data availability.
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