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Abstract 

 

Marine microbes possess genomic and physiological adaptations to cope with varying 

environmental conditions. So far, the effects of high salinity on the most abundant 

marine photoautotrophic organism, Prochlorococcus, in marine oligotrophic 

environments are mostly unknown. Here, we report the isolation of a new 

Prochlorococcus strain (RSP50) belonging to high-light (HL) clade II from the Red Sea, 
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one of the warmest and most saline bodies of water in the global ocean. A comparative 

genomic analysis identified a set of 59 genes that were exclusive to RSP50 relative to 

currently available Prochlorococcus genomes, the majority of which (70%) encode for 

hypothetical proteins of unknown function. However, three of the unique genes encode 

for a complete pathway for the biosynthesis of the compatible solute glucosylglycerol, 

and are homologous to enzymes found in the sister lineage Synechococcus. 

Metatranscriptomic analyses of this metabolic pathway in the water-column of the Red 

Sea revealed that the corresponding genes were constitutively transcribed, independent 

of depth and light, suggesting that osmoregulation using glucosylglycerol is a general 

feature of HL II Prochlorococcus in the Red Sea.  

 

Keywords: Prochlorococcus, Red Sea, genomic adaptation, compatible solute, 

glucosyglycerol, metatranscriptomics 

Introduction 

  

The long and narrow main basin of the Red Sea is highly saline (36–41 psu; Edwards 

1987; Alraddadi 2013) and warm (from 24 to 32 °C; Raitsos et al., 2013) yearlong. 

Minimal precipitation in the region and continuous exposure to solar irradiation renders 

the Red Sea physico-chemically distinct from other marine environments (Rasul and 

Stewart 2015). The input of cooler water masses from the Indian Ocean generates 

opposing gradients of temperature and salinity from the South to the North (Ngugi et al., 

2011). The southern region of the Red Sea contains the highest levels of productivity (as 

indicated by high concentrations of chlorophyll a), likely linked to the influx of nutrient-

rich waters through the strait of Bab Al Mandab (Raitsos et al., 2013; Churchill et al., 

2014). These latitudinal environmental gradients across the basin appear to affect 

different marine life. For instance, a break in genetic diversity of reef fish communities 

and a disruption in larval connectivity patterns were triggered by a shift in 

physicochemical conditions along the northern and central Red Sea (Nanninga et al., 

2014). Similarly, the distribution of pelagic prokaryotic communities shows substantial 

differences along the southward temperature-salinity gradient, as reflected by spatial 

shifts in the abundances of the dominant phylotypes (Ngugi et al., 2011; 2012). 
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Prochlorococcus (Chisholm et al., 1988) is one of the most abundant pelagic 

bacterioplankton in the Red Sea (Ngugi et al., 2011). The Prochlorococcus ecotypes are 

divided among high-light (HL) and low-light (LL) adapted clades, based on their cellular 

ratio of divinyl chlorophyll a to divinyl chlorophyll b pigments (Moore and Chisholm 

1999), temperature adaptation (Zinser et al., 2007), spatial distribution patterns (Johnson 

et al., 2006), pangenomics (Delmont and Eren 2018), and phylogeny (Rocap et al., 

2002). The HL-adapted ecotype (HL II) dominates the pelagic layer (0–50 m) and the 

microdiversity of Prochlorococcus at 100 m is higher relative to other depths across the 

main basin of the Red Sea, according to studies using the internal transcribed spacer 

(ITS) region (Shibl et al., 2014), and more extensively, using rpoC1 gene analyses (Shibl 

et al., 2016). The biogeographical distribution of Prochlorococcus ecotypes throughout 

the water column seemed homogenous (Shibl et al., 2014; 2016). According to these 

studies based on rpoc1 and ITS, the Prochlorococcus community structure also appears 

to be fairly stable across the strong environmental gradients.  

At global scales, the phylogenetic and genomic diversity of Prochlorococcus 

ecotypes strongly correlate with the prevailing environmental parameters. Indeed, 

several gene families identified in Prochlorococcus populations significantly correspond 

to specific physicochemical variables such as nitrate concentrations and temperature 

(Kent et al., 2016). In comparison to other oligotrophic marine environments, Thompson 

et al. (2013b) reported the enrichment of gene families for phosphorus acquisition, DNA 

repair, and light stress in Prochlorococcus metagenomic sequences from the surface 

waters of the Red Sea, reflecting adaptive strategies specific to their local environment. 

Notably, Thompson et al. (2013b) also found enrichment of gene families for compatible 

solute (osmolyte) utilization in Pelagibacter (SAR11) metagenomic sequences, 

suggesting that the production of compatible solutes may be relatively higher in the Red 

Sea than in less saline environments. 

Here, we report on the cultivation and genomic inventory of the first HL-adapted 

Prochlorococcus strain (RSP50) isolated from surface waters of the main basin of the 

Red Sea. Given the unusual environmental parameters of the main basin of the Red 

Sea, we hypothesized the presence of specific adaptive strategies potentially 

implemented by unique genes found in the RSP50 genome. Among the annotated 

RSP50-specific gene pool, we focused our analyses on three genes related to the 

synthesis of compatible solutes that are expected to contribute to Prochlorococcus’s 
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adaptation to high salinity, and analyzed their abundance in metatranscriptomic and 

metagenomics datasets from the Red Sea.  

Materials and Methods 

Sample collection for isolation of Prochlorococcus 

Seawater was collected in December 2014 from the Red Sea at the Atlantis II site 

(22°10'48" N, 38°29'24" E) during an expedition on board the R/V Thuwal. A rosette 

sampler was used for water collection along with a CTD unit with sensors that 

additionally record salinity and fluorescence readings (Sea-Bird Electronics, USA). Four 

dark acid-washed polyethylene bottles (150 mL each) were rinsed and filled with 

seawater collected at 10 m water depth, and stored at room temperature onboard for 

less than four hours. 

Culturing conditions 

On the same day in the lab, 500 mL of the collected seawater were filtered through 0.6-

μm polycarbonate membrane filters (MilliporeSigma, Germany). The filtrate was used for 

initial inoculation (20 mL) into 5 mL PRO2 medium (Moore and Chisholm 1999; Moore et 

al., 2007) and incubated at 27 °C under continuous cool white fluorescent light at 40 μE 

m–2 s–1 in a Multitron Standard incubator (INFORS HT, Switzerland). PRO2 was used for 

the initial isolation phase (one week), because it contains extremely low macronutrient 

concentrations. Light intensity was measured using the Quantum Scalar Laboratory 

sensor (QSL-2100; Biospherical Instruments Inc., CA, USA). Growth was monitored 

daily by measuring chlorophyll a fluorescence using a Turner-10 AU fluorometer (Turner 

Designs, CA, USA). After one week of growth, the enrichments were transferred to 96-

well Teflon plates (2-mL wells) using a dilution-to-extinction approach (Stingl et al., 2007) 

in ProMM medium and kept under the same light and temperature conditions. ProMM 

contains organic compounds and vitamins that allow Prochlorococcus to grow from low 

cell numbers (Sher et al., 2011). All wells with visible color were then transferred into 

glass tubes containing 100% Red Sea seawater-based Pro99 media (modified after 

Moore et al., 2007). After two months of weekly transfers into fresh medium, we 

maintained the isolates in 75% Red Sea seawater-based Pro99. Cultures were regularly 

checked for heterotrophic contaminants using the marine purity broth as described in 

Saito et al. (2002). Larger volumes of the purified RSP50 culture were prepared in 200-
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mL polycarbonate flasks to collect sufficient biomass for growth measurements, 

transmission electron microscopy (TEM) preparations, and DNA extraction. All culture-

ware and filtration units were acid-washed prior to use.  

 

Growth measurements with flow cytometry 

Three replicates of Prochlorococcus RSP50 were subsampled daily for 14 consecutive 

days and fixed using a 25% glutaraldehyde solution upon sampling into cryotubes (1% 

final concentration). All samples were flash frozen in liquid nitrogen and stored at –80 °C 

until processing with a LSR Fortessa II analyzer (Becton Dickinson, CA, USA). Samples 

were analyzed in 96-well plates, each containing 1 μL of a 1-μm yellow-green bead 

solution (Fluospheres, Life Technologies, CA, USA) as a standard for fluorescence and 

scatter. Prochlorococcus cells were identified according to the fluorescence of their 

natural pigments after excitation by a solid-state blue (488 nm) and a solid-state red (640 

nm) laser, using two bandpass filters (670/30 nm and 695/40 nm). Cytograms were 

analyzed using the FCS Express 5 software (De Novo software, CA, USA). Growth rates 

were estimated based on the method described by Wood et al. (2005). 

 

Transmission electron microscopy  

To obtain high-resolution images of the cells, 40-mL aliquots of Prochlorococcus RSP50 

in exponential growth phase were pelleted by centrifugation. Pellets were fixed with 

glutaraldehyde (2.5%  final concentration) in cacodylate buffer (0.1 mol L–1, pH 7.4) and 

treated with reduced osmium (1:1 mixture with 2% aqueous potassium ferrocyanide) for 

1 hour, as described in Karnovsky (1971). Cells were pre-embedded in agar, dehydrated 

using an ethanol series (70, 80, 90, 95 and 100%), and subsequently embedded in 

epoxy resin. Sections (80–120 nm thick) were placed onto copper grids and contrasted 

with lead citrate. Images were visualized and recorded using a Titan Transmission 

Electron Microscope (80-300 kV, FEI, USA) and a charge-coupled device (CCD) camera 

(Gatan Inc., USA). Cell size measurements were obtained using the DigitalMicrograph 

software (Gatan Microscopy Suite) and the ImageJ software (www.imagej.nih.gov). 
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DNA extraction and library preparation 

The total genomic DNA from 50 mL Prochlorococcus RSP50 cell culture in 75% Pro99 

media was extracted using the DNeasy Kit (Qiagen), following the manufacturer’s 

protocol under the recommended pre-treatment for Gram-negative bacteria. A fraction of 

the extracted DNA was used to amplify the 16S rRNA gene and the intergenic 

transcribed spacer (ITS) gene sequences with 16S rRNA universal primers 27F (5'-

AGAGTTTGATCMTGGCTCAG-3’) and 1492R (5'-TACGGYTACCTTGTTACGACTT-3') 

and ITS primers Picocya-16S-Forward (5’-TGGATCACCTCCTAACAGGG-3’) and 

Picocya-23-Reverse (5’-CCTTCATCGCCTCTGTGTGCC-3’), respectively (Cai et al., 

2010; Huang et al., 2012; Jiao et al., 2014). The purified PCR products were Sanger-

sequenced for phylogenetic assessment and verifying the purity of the strains. 

Libraries for whole-genome sequencing were prepared using the TruSeq paired-

end DNA sample preparation kit (Illumina, USA) and indexed using TruSeq adapters. 

Quantification and quality control of the libraries was conducted using a Qubit assay 

(dsDNA kit, Qubit, USA), and analysis using a DNA 2100 Bioanalyzer (Agilent 

Technologies Inc., USA).  

Whole genome sequencing, assembly and annotation 

The libraries were sequenced on an Illumina MiSeq platform at the BCL facility at 

KAUST. Raw reads were quality-checked using FastQC v0.11.4 (Andrews 2010) and 

quality-trimmed using Trimmomatic v0.36 (Bolger et al., 2014) before being assembled 

into contigs with SPAdes v3.1.1, employing the read error-correction and mismatch 

repair modes (Bankevich et al., 2012). This resulted in a single 1.66-Mbp high-quality 

contig, which was subsequently annotated using the INDIGO pipeline (Alam et al., 

2013). Individual gene annotations were further manually curated using the Argot2 

server (Falda et al., 2012) following the protocol by Biller et al. (2014). Genome 

completeness and fidelity were estimated by determining the presence (or absence) of a 

suite of 104 single-copy marker genes universally present in complete bacterial 

genomes as implemented in CheckM v0.9.7 (Parks et al., 2015). The Prochlorococcus 

RSP50 genome was deposited in NCBI GenBank under accession number CP018344. 

Comparative genomics was conducted using the phylogenomic analysis server 

EDGAR v2 (Blom et al., 2016). For this purpose, 43 genomes of publicly available 
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Prochlorococcus strains (Biller et al., 2014) were downloaded from ProPortal (Kelly et 

al., 2011) and included together with RSP50 for downstream analyses. Average amino 

acid identity values, genome-to-genome distances and Venn diagrams were also 

calculated in EDGAR.  

Phylogeny 

For phylogenetic inference, the PCR-amplified 16S rRNA gene sequences of RSP50 

and those retrieved from the genomes of representative Prochlorococcus strains (Table 

S1) were aligned using ClustalW in GeneiousPro v8.0 (Kearse et al., 2012). Neighbor-

joining trees were generated using p-distance and 1,000 bootstraps, while maximum 

likelihood trees were generated using the General Time Reversible model of nucleotide 

substitution with the gamma model of rate heterogeneity (GTR-GAMMA), as estimated 

in RAxML (Stamatakis 2014), with 1,000 bootstraps. All phylogenetic trees were 

generated in MEGA v6.0 (Tamura et al., 2013). To delineate ecotypes within 

Prochlorococcus at a higher resolution, the same approach was applied for full length 

ITS sequences. 

To construct the phylogenomic tree, 239 conserved single-copy genes among all 

Prochlorococcus genomes were identified with Hal v2.0 (Robbertse et al., 2011). 

Neighbor-joining and maximum likelihood trees were constructed using p-distance and 

the Jones-Taylor-Thornton (JTT) model of amino acid substitution as estimated in 

ProtTest v3.2 (Darriba et al., 2011) with 1,000 bootstraps. 

To estimate divergence time of the unique genes in question, phylogenetic time 

trees were generated using Reltime in MEGA v7.0 (Tamura et al., 2012; Kumar et al., 

2016). The protein sequences from RSP50 and marine Synechococcus strains were 

aligned with MUSCLE, and maximum likelihood trees using the Le-Gascuel (LG+I+G) 

model were constructed with 1,000 bootstraps. 

Sample collection for total community RNA analysis 

Seawater samples were collected in March 2013 at the Kebrit Deep site in the Red Sea 

(24°43'12" N, 36°16'48" E) during the KAUST Red Sea expedition (KRSE2013) on board 

the R/V Aegaeo. Four depths in the water column were sampled: surface (10 m), below 

the mixed layer (BML; 40 m), deep chlorophyll maximum depth (DCM; 75 m), and 

oxygen minimum zone (OMZ; 420 m). Duplicate samples were collected using a rosette 
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sampler with 24 Niskin bottles (10 L each) every four hours over a 48-hour period. An 

attached CTD unit and additional sensors were used to record salinity, temperature, 

fluorescence, and dissolved oxygen readings at the sampling sites. For each time point 

and depth, 1 L of seawater was filtered using a peristaltic pump with two in-line filters in 

series consisting of a 1.6-μm pre-filter (Whatman GF/A, Whatman Inc., USA) followed by 

a 0.22-μm Sterivex filter (Millipore Corp., USA). A 2-mL RNAlater solution (Qiagen Inc., 

USA) was immediately added to completely fill the filter columns. The Sterivex filters 

were then sealed with Blu-Tack, flash frozen in liquid nitrogen and stored at –20 °C 

onboard. 

 

RNA extraction, purification and library preparation 

RNA was extracted according to a protocol adapted from Massana et al. (1997), Béjà et 

al. (2002) and Stewart et al. (2012a). Briefly, the RNAlater solution in the Sterivex filter 

was expelled and a 2-mL lysozyme solution (1 mg mL–1 in lysis buffer: 40 mmol L–1 

EDTA, 50 mM Tris pH 8.3, 0.73 M sucrose) was added. The Sterivex filter was left to 

incubate at 37 °C for 45 minutes with rotation. Then, 50 μL of Proteinase K solution (20 

mg/mL; 5PRIME) and 100 μL of a 20% SDS solution were added. The filter was then left 

to incubate at 55 °C for 2 hours with rotation. After incubation, 1 mL of lysis buffer was 

added to the filter at 55 °C for 15 min for washing. The lysate was expelled to a separate 

tube and 1.5 mL of absolute ethanol was added. From this solution, RNA was extracted 

using the RNeasy Protect Bacteria Mini Kit (Qiagen Inc., USA) according to the 

manufacturer’s protocol and eluted in RNase-free water. The resulting RNA was 

concentrated from 250 μL to 60 μL using a speed vacuum (Thermo Scientific, Bremen, 

Germany). To remove DNA, the samples were treated with DNaseI (Turbo DNA-free kit, 

Ambion) by adding 6 μL of 10× buffer and left to incubate at 37 °C for 30 min. To purify 

the samples, the RNeasy MinElute Cleanup Kit (Qiagen Inc., USA) was used and RNA 

was eluted with 14 μL of RNase-free water. To preferentially amplify mRNA 

(independent of poly-A tail) and select against rRNA from total RNA (range of 2–4 ng), 

the ExpressArt C&E Bacterial NANO RNA Amplification Kit (AMSBIO, UK) was used. 

Sequencing libraries were prepared using the paired-end TruSeq RNA sample 

preparation kits (Illumina, USA) following the manufacturer’s protocol.  
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RNA library sequencing and genome mapping 

Libraries were pair-end sequenced on the Illumina HiSeq 2000 platform (2 × 100 bp). 

Low quality reads and sequencing adapters were removed using Trimmomatic v0.32 

(Bolger et al., 2014). Sequence reads shorter than 50 bp were discarded. Bowtie2 v2.2.4 

(Langmead and Salzberg 2012) was used to identify and remove PhiX contamination 

sequences. The remaining sequences were error-corrected using the BayesHammer 

algorithm (Nikolenko et al., 2013) implemented in the SPAdes v3.5.0 (Bankevich et al., 

2012), followed by removal of putative Ribosomal RNA (rRNA) gene transcripts with 

SortMeRNA v2.0 (Kopylova et al., 2012).  

 

The high-quality mRNA reads were subsequently mapped against the RSP50 

genome using Bowtie2 with default settings. The resulting read counts were normalized 

based on the FPKM metric (fragments per kilobase of gene per million mapped reads; 

Pachter, 2011), which was used for differential gene expression analysis. The raw 

RNASeq sequences (164 Gbp) were deposited in NCBI GenBank under Bioproject 

number PRJNA289956. 

Results 

 

Growth and morphology of Prochlorococcus RSP50 

Open-water samples of the Red Sea collected for culturing and media preparation had 

an in-situ temperature of 28.4 °C and a salinity of 39.5. Isolation procedures and 

successive transfers of the enrichments resulted in a bright green-yellow culture of 

Prochlorococcus (RSP50, Figure S1). Fluorescence microscopy and flow cytometry 

using SYBR Green I-staining confirmed the absence of other microbes. No growth of 

heterotrophic cultures was observed in Marine Purity Test Broth (MPTB) in the dark 

(Saito et al., 2002), and thus the culture was deemed putatively pure. RSP50 in 75% 

Pro99 media (Moore et al., 2007) had a growth rate of 0.57 ± 0.01 (doubling time of 1.22 

days) and a maximum abundance of 5 × 105 cells mL–1 (Figure S2). The RSP50 cells 

were ovoid and 0.6 μm long, with a width-to-length ratio of 0.75 (Figure 1).  
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16S rRNA, ITS, and core-gene phylogeny of Prochlorococcus RSP50 

Phylogenetic analysis of 16S rRNA and ITS gene sequences places strain RSP50 within 

the HL II clade of Prochlorococcus, in close proximity to strains AS9601, MIT9301 and 

SB (Figure S3). The strain RSP50 also clustered with the HL II lineage containing 

AS9601, MIT9301, SB, MIT0604 and MIT9314, based on phylogenetic analyses inferred 

using a concatenated alignment of 239 conserved, single-copy genes (SCGs) shared 

between RSP50 and representative Prochlorococcus and Synechococcus strains(Figure 

2). 

 

Genome characteristics 

The genome of strain RSP50 encompasses a single contig of 1,656,033 base pairs in 

length, with 1,939 predicted protein-coding genes and a DNA G+C content of 31%. 

Table S1 summarizes these features in relation to other sequenced Prochlorococcus 

representatives. This genome is estimated to be ~97% complete based on the profile of 

single-copy marker genes present in the Prochlorococcus lineage (CheckM v0.9.7; 

Parks et al., 2015). The highest percentage of genes clustered in the following 

categories: translation, ribosomal structure, and biogenesis followed by amino acid 

transport and metabolism (Figure S4). 18% of genes assigned to COG categories had 

an unknown function or only a general function prediction. Pairwise comparison of the 

orthologous coding genes of RSP50 with other HL II strains revealed that it has the 

highest average amino acid identity (AAI) with strain AS9601 from the Arabian Gulf 

(94.9%), SB (94.8%), MIT9314 (94.7%) and MIT9301 (94.5%). The identity with LL 

strains is low (62 – 64%; Table S2), in comparison to other HL strains.  

 Comparative genomics indicated that 93.3% of the protein-coding genes of strain 

RSP50 (1,810 genes) are conserved relative to the pangenome of the currently available 

HL- and LL-adapted Prochlorococcus genomes (Figure 3). Strain RSP50 harbors all 

necessary genes reported within the HL II clade for photosynthesis, carbon fixation and 

nutrient acquisition. The main components of the photosynthetic apparatus (psbA1 gene 

encoding the D1 protein of Photosystem II) and light harvesting complexes (pcbD gene 

encoding a chlorophyll a-b binding protein and pebA/pebB genes encoding 

phycoerythrobilin) are also present. All genes encoding carboxysome shell proteins and 

D
ow

nloaded from
 https://academ

ic.oup.com
/fem

sec/advance-article-abstract/doi/10.1093/fem
sec/fiy182/5090968 by King Abdullah U

niversity of Science and Technology user on 09 Septem
ber 2018



 

 

the ribulose-1,5-bisphosphate carboxylase (RuBisCo) subunits for carbon fixation 

(Scanlan et al., 2009) were found. For nutrient acquisition, the RSP50 genome carries 

genes necessary for nitrogen regulation and sensing (ntcA and glnB) and has a 

complete glutamine synthetase-glutamate synthase pathway for ammonium assimilation 

and a complete transport system for urea. The high-affinity phosphate transport protein 

system encoded by pstSCAB genes and a putative alkaline phosphatase-like protein 

(encoded for by dedA) are found in RSP50. Additionally, the genome has a phosphonate 

transport system encoded by the phnCDE gene set. A plastoquinol terminal oxidase, a 

nickel-containing superoxide dismutase and several peroxidases make up the existing 

ROS (reaction oxygen species)-scavenging system (Scanlan et al., 2009). 

Photoacclimation-related genes such as photolyases and a number of high-light 

inducible proteins (encoded by hli genes) are also present. Similar to other 

Prochlorococcus strains (Scanlan et al., 2009), RSP50 possesses the spsA gene 

encoding for sucrose-phosphate synthase and the stpA gene encoding for glucosyl-

glycerolphosphate phosphatase, which is involved in the biosynthesis of the compatible 

solute 2-O-(α-D-glucopyranosyl) glycerol. 

Unique genes of RSP50 and transcription of the glucosylglycerol biosynthetic 

pathway 

The total number of unique genes found in RSP50 was 59 (i.e., 3% of all genes; Figure 

3), the majority of these unique genes were either hypothetical or uncharacterized 

genes. Less than half the genes (23) returned annotations, and their functional 

predictions were further verified using the independent Argot2 pipeline (Falda et al., 

2012). Based on COG functional categories, the majority of these genes are assigned to 

cell wall/membrane/envelope biogenesis and carbohydrate transport and metabolism, 

including starch and sucrose, amino sugars and nucleotide sugars (for the full list of 

genes see Table S3). Three of those genes specific to RSP50 are likely involved in the 

biosynthesis of glucosylglycerol (GG), a compatible solute that is produced by 

moderately halophilic Synechococcus strains and other cyanobacteria (Klähn & 

Hagemann 2011). In this pathway, glucosylglycerol is putatively synthesized in a two-

step reaction by two enzymes: glucosylglycerol-phosphate synthase (ggpS) generates 

glucosylglycerol-phosphate from glycerol 3-phosphate and ADP-α-D-glucose, followed 

by glucosylglycerol 3-phosphatase (stpA), which dephosphorylates glucosylglycerol-

phosphate to glucosylglycerol (Pade & Hagemann 2014). Glycerol 3-phosphate is likely 
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produced by a putative glycerol 3-phosphate dehydrogenase (gspA) involved in the 

glycerol biosynthesis pathway. A third gene encodes a trehalose synthase (also known 

as maltose alpha-D-glucosyltransferase or alpha amylase catalytic protein). These three 

RSP50-specific genes (ggpS, gspA, and trehalose synthase) are orthologous to those in 

Synechococcus species (Figure 4A and S5–S6). The RSP50-specific ggpS gene shows 

an average amino acid identity of 70% against the Synechococcus orthologs, whereas 

gspA and trehalose synthase displayed average identities ranging from 57 to 77% 

(Table S3). The geolocalized abundances of the genes, derived from the Ocean Gene 

Atlas (OGA; Villar et al., 2018) using Red Sea samples of the TARA Oceans datasets 

(Pesant et al., 2015), ranges from 0.04 to 1.82 copies per cell across the different size 

fractions (0-0.22 μm, 0.22-1.6 μm, and 0.1-0.22 μm) and sampling depths (surface and 

deep chlorophyll maximum) (Table S4).  

For gspA the divergence time between RSP50 and its Synechococcus counterparts was 

approximately 0.68 MYA (Figure 4B), while trehalose synthase and ggpS seem to have 

diverged approximately 0.31 and 0.36 MYA, respectively (Figure S7-S8). 

 To gain more insight on the role of these genes in osmoregulation of 

Prochlorococcus in the Red Sea, we mapped them against several metatranscriptomes 

from the water column of the Red Sea. The transcriptional profile of ggpS and gspA 

genes revealed that both were constitutively being expressed at higher levels in surface 

waters and below the mixed layer (BML) compared to the deep chlorophyll maximum 

(DCM). The expression level of the gspA gene was always higher than that of ggpS, but 

no clear diel pattern was observed. Expression of the gene encoding a trehalose 

synthase dropped in the DCM compared to surface and BML and seemed to peak 

during the night (Figure 5).  

Discussion 

Characteristics of Prochlorococcus RSP50 

We describe the isolation and genome characterization of strain RSP50, a 

Prochlorococcus strain inhabiting the surface waters of the Red Sea. Flow cytometry 

and cell sorting enabled a reliable discrimination of Prochlorococcus from its sister group 

Synechococcus as well as other marine heterotrophs (Figure S1), which was important 

to detect contaminants. 
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The growth rates of RSP50 at 27 °C (0.57 ± 0.01, Figure S2) are comparable to 

the growth rates of strains MIT9312 at 27 °C (0.61 ± 0.01) and MIT9215 at 25 °C (0.5 ± 

0.01) (Johnson et al., 2006). In contrast to HL II ecotypes, HL I and LL ecotypes 

generally have lower temperature optima and growth rates (Johnson et al., 2006; Zinser 

et al., 2007).  

The size of RSP50 (~0.6 μm diameter, Figure 1) is typical of HL-adapted 

Prochlorococcus cells. The smaller size of HL ecotypes, including strain RSP50, relative 

to LL ecotypes (up to 0.8 μm) has been invoked in the hypothesis that cell size and 

architecture are factors in niche adaptation (Ting et al., 2007).  

Phylogeny of RSP50 

Phylogenetic inference using 16S rRNA and ITS sequences of RSP50 confirmed that it 

belongs to HL II (Figure S3), the most abundant Prochlorococcus clade in the Red Sea 

water column (Ngugi et al., 2011, Shibl et al., 2014; 2016). The phylogeny based on 

conserved SCGs placed RSP50 near to strains AS9601 and MIT9314 that were isolated 

from the Arabian Sea and the Gulf Stream, respectively. Although highly debatable, AAI 

based on whole genomes of Prochlorococcus was reported to be the method with the 

highest resolution for genomic taxonomy (Thompson et al., 2013a). RSP50 shares the 

highest AAI (>94%) with HL II strains dominating warm, nutrient-poor environments 

(AS9601 [Arabian Sea], MIT9314 [Gulf Stream], SB [Western Pacific] and MIT9301 

[Sargasso Sea]), corroborating the phylogenetic inference from 16S and ITS sequences. 

 

Comparative genomics 

Prochlorococcus evolved through several genome-streamlining events, allowing 

ecotypes in the water column to survive with a minimal set of genes (Partensky and 

Garczarek 2010). Prochlorococcus RSP50 has both a genome size and DNA G+C 

content within the typical range defined for other HL II strains (Kettler et al., 2007) (Table 

S1). The large number of genes with unknown function is a common feature among 

various Prochlorococcus ecotypes (Coleman et al. 2006). 

 The core functionality of Prochlorococcus genes has been covered broadly and 

compared extensively (Scanlan et al., 2009). The RSP50 genome displays the complete 
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glutamine synthetase-glutamate synthase pathway for ammonium assimilation and a 

complete transport system for urea. Genes that encode specific ABC phosphonate 

transporters and putative alkaline phosphatase-like proteins likely enable access to 

phosphorus sources other than inorganic phosphate (Moore et al., 2005). For potential 

ROS protection, RSP50 carries the gene encoding for a nickel-binding superoxide 

dismutase (Ni-SOD), which was previously linked to iron and manganese conservation 

(Palenik et al., 2003). 

 

Salt tolerance and gene expression patterns 

In comparison to all sequenced Prochlorococcus genomes used in this study, several 

genes were identified exclusively in the RSP50 genome (Figure 3, Table S3). Despite 

the majority of the unique gene pool being uncharacterized, three genes are likely to be 

involved in the biosynthesis of compatible solutes to counter the effect of high salinity 

levels: glucosylglycerol-phosphate synthase (ggpS), glycerol 3-phosphate 

dehydrogenase and trehalose synthase/alpha amylase catalytic protein. In 

cyanobacteria, the choice of compatible solutes under high salinity is sucrose, trehalose, 

and glucosylglycerol; some even accumulate glycine/ homoserine betaine (Kirsch et al., 

2017). 

 Glucosylglycerol-phosphate synthase (ggpS) catalyzes the synthesis of the 

intermediate glucosylglycerol-3-phosphate (GG-3P). Glucosyl-glycerolphosphate 

phosphatase (stpA) then dephosphorylates GG-3P into the compatible solute 

glucosylglycerol (Klähn et al., 2010). Both ggpS and stpA are found in Synechococcus, 

while all previously sequenced Prochlorococcus genomes possess stpA but lack ggpS 

(Scanlan et al., 2009). The role of glucosyl-glycerolphosphate phosphatase (stpA) in 

Prochlorococcus currently remains unknown but is presumably able to dephosphorylate 

alternative sugar phosphates (Hagemann 2013). It is likely that RSP50 carries ggpS to 

regain the ability to synthesize the N-free compatible solute glucosylglycerol.  

Glycerol-3-phosphate dehydrogenase catalyzes the reversible conversion of 

dihydroxyacetone phosphate (DHAP) into glycerol-3-phosphate. Glycerol-3-phosphate is 

the precursor molecule in the biosynthesis of GG-3P and, eventually, the compatible 

solute glucosylglycerol. We hypothesize that glycerol-3-phosphate dehydrogenase—
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found only in RSP50 thus far—likely regulates the cellular levels of glycerol-3-phosphate 

(Rawls et al., 2011). Many Prochlorococcus strains have the ability to accumulate more 

than one compatible solute (Scanlan et al., 2009) and they all (including RSP50) carry 

genes for sucrose biosynthesis by the sucrose-phosphate synthase pathway. It has 

been shown that there is an enrichment of compatible solute-degrading (oxidizing) 

genes in Pelagibacter (SAR11) from the Red Sea relative to the Mediterranean Sea, 

Sargasso Sea, and North Pacific Subtropical Gyre (Thompson et al., 2013b). This led to 

the hypothesis that there are higher compatible solute concentrations in the Red Sea 

relative to these other seas. As Thompson et al relied on existing Prochlorococcus 

reference genomes for metagenomics mapping (none of which came from Red Sea 

strains), the specific (unique) genetic repertoire of Red Sea populations remains as-yet 

unidentified. The high salinity levels of the Red Sea may have required glucosylglycerol-

phosphate synthase and glycerol 3-phosphate dehydrogenase to synthesize and 

regulate an additional compatible solute in Prochlorococcus. 

 Trehalose synthase, also known as maltose α-D-glucosyltransferase or alpha-

(α)-amylase, catalyzes the conversion of maltose to the compatible solute trehalose 

(Ruhal et al., 2013). Maltose can be taken up from the environment via ABC transporters 

(Boos and Shuman 1998), however the substrate specificity for the majority of those 

transporters in Prochlorococcus remains unknown (Hagemann 2010). Despite the 

general absence of a trehalose uptake system in picocyanobacteria, Prochlorococcus 

MED4 possess a trehalase gene (treH) (Scanlan et al., 2009), while some 

Synechococcus strains carry the trehalose synthase gene (Hagemann 2010). In a more 

environmental context, homologs of all three genes identified in the Tara Oceans 

datasets showed higher abundances related to higher salinity levels in the main basin of 

the Red Sea (Table S4), likely due to the requirement of more osmolyte biosynthesis. 

The organization and content of the flanking regions of these genes in RSP50 show 

significant identity to Synechococcus genomes (Figure 4A and S5-S6). Moreover, 

divergence time estimates (Figure 4B and S7-S8) suggest that these three genes may 

have been lost during genome reduction events in other Prochlorococcus lineages and 

were retained in RSP50. Interestingly, this is consistent with previous observations that 

indicated that these genes were among those lost during the early divergence of 

Synechococcus and Prochlorococcus (Kettler et al., 2007). 
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Mapping the RSP50 genome to metatranscriptomes collected from different 

depths over two days revealed the expression patterns of those unique genes. High 

transcriptional activity of Prochlorococcus populations detected at the DCM of Station 

ALOHA (125 m) in the North Pacific (Shi et al., 2011) and at Station A (85 m) in the Gulf 

of Aqaba (Miller et al., 2017) suggested that HL-like cells are likely viable at this depth. 

The light-dependent gene psbA, encoding a component of the photosynthetic apparatus 

in all strains, follows the expected diel pattern, where it is highly expressed during the 

daytime but significantly less as it gets dark (Figure 5A). Glucosylglycerol-phosphate 

synthase and glycerol 3-phosphate dehydrogenase were both consistently expressed at 

all depths, with higher levels of expression for the latter (Figure 5B and C). The absence 

of significant changes in expression at different light levels of these two genes suggest 

they are independent from the diel cycle. Expression levels likely depend on cytosolic 

levels of the precursor glycerol 3-phosphate (Rawls et al., 2011). Similarly, the spsA 

gene involved in sucrose synthesis showed only minor changes in its expression pattern 

along the diel cycle (Figure S9). Strain AS9601 grown under continuous light showed an 

increased expression of the genes involved in the biosynthesis of glucosylglycerate 

(GGA) and sucrose under salt stress (Al-Hosani et al., 2015). On the other hand, 

trehalose synthase peaks during the night and could possibly follow the diel cycle for 

optimal functioning (Figure 5D). 

Genomic variability between HL- and LL-adapted Prochlorococcus clades, and 

within distinct HL (I-VI) and LL (I-VII) lineages, arises from the preferential retention of 

gene sets necessary to occupy contrasting environments and particular niches in the 

water column (Kettler et al., 2007; Scanlan et al., 2009; Partensky and Garczarek 2010). 

For example, several Prochlorococcus strains at Station ALOHA in the North Pacific 

express genes involved in the complete and active nitrogen metabolism pathways in situ 

(Berube et al., 2015; 2016). Similarly, transcripts in Prochlorococcus MED4 cells related 

to phosphorus sensing (phoR) and uptake (pstS), in addition to phosphatase (phoA) 

were upregulated under phosphorus limitation, the latter likely to scavenge phosphorus 

from alternative, organic sources (Reistetter et al., 2013). Under salt stress, carbon 

fixation and biosynthesis of compatible solutes were upregulated in Prochlorococcus 

AS9601 cells, whereas photosynthesis and cell division were inhibited (Al-Hosani et al., 

2015). 
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Conclusions 

The global dominance of Prochlorococcus is likely to expand over higher latitudes as a 

result of warmer waters (Flombaum et al., 2013). It was suggested, through scanning of 

111 marine metagenomes from the global oceans, that a number of hitherto 

undiscovered Prochlorococcus species exist (Thompson et al., 2013a). Prochlorococcus 

RSP50, a Red Sea-specific strain belonging to HL II, potentially belongs to an existing 

species based on its AAI compared to several previously sequenced strains. Despite 

having a large number of genes lacking functional annotation, RSP50-specific genes 

included three genes that encode enzymes potentially involved in the biosynthesis of 

compatible solutes. Their presence presumably adds to the cells’ salt acclimation system 

and possibly allows them to survive the Red Sea environment. The organization of these 

genes on the genome is highly similar to those on genomes of Synechococcus strains, 

and were likely progressively lost in Prochlorococcus lineages but kept in the RSP50 

genome. Along the water column of the Red Sea, the expression of those unique genes 

involved in compatible solute biosynthesis was more pronounced in the surface and 

BML than in the DCM, and their expression pattern over a diel cycle did not show any 

significant correlation. The observations made here provide a glimpse on how selective 

pressures of the Red Sea can shape the adaptive traits of local Prochlorococcus cells. 

Further experiments to characterize the enzymes and test their functionality under 

different salt concentrations are required. This is the first report of a cultivated 

Prochlorococcus strain from the main basin of the Red Sea, which should provide a 

resource to understand the ecology and adaptations of abundant phytoplankton in the 

changing marine ecosystem under different global warming scenarios. 
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Figure 1. TEM images of the strain RSP50. Thylakoids (T), Carboxysomes (C), and 

Electron-rich structures (ERS) are labelled. The scale bar indicates a length of 500 nm. 
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Figure 2. Phylogenomic placement of strain RSP50 based on 239 conserved single-

copy genes. Sequences were retrieved from all lineages available to date that represent 

the ecotypes of Prochlorococcus. Strain RSP50 is shown in red. Branches with 

bootstrap values ≥90% are indicated with a solid black circle, while the scale bar 

indicates an estimated sequence divergence of 3%. Strains belonging to Synechococcus 

subcluster 5.1A were used as outgroup. 
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Figure 3. Venn diagram of gene clusters. The number of genes present in one or more 

genomes of the 24 HL-adapted strains and 19 LL-adapted strains (see Table S1 for list 

of genomes used) and strain RSP50 are shown inside the circles. The number of unique 

genes found only in strain RSP50 (59) is also shown. 
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Figure 4. (A) Gene neighborhood diagram showing genes in close proximity to Glycerol 

3-phosphate dehydrogenase (Black arrow). Grey arrows denote annotated flanking 

genes and white arrows denote hypothetical/ putative or uncharacterized genes. 

APRTase: Adenine Phosphoribosyl-transferase, LysM: peptidoglycan-binding protein, 

ALDH: aldehyde dehydrogenase, TR: Transcriptional regulator, DHQD: 3-

dehydroquinate dehydratase, stpA: Glucosylglycerol-phosphate phosphatase. (B) The 

phylogenetic time tree for glycerol 3-phosphate dehydrogenase. The tree was generated 

using the Reltime method in MEGA v7.0 (Kumar et al., 2016). The gene from RSP50 is 

colored in red and the outgroup (Cyanobium sp. PCC7001) is colored in grey. Numbers 

on branches are relative times of divergence between lineages. The scale indicates 

divergence time of genes (Million Years Ago). 
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Figure 5. Expression patterns of the psbA gene (photosystem Q protein) and unique 

genes discussed in this study: (A) Photosystem Q protein (psbA), (B) Glucosylglycerol-

phosphate synthase (ggpS), (C) Glycerol dehydrogenase (gpsA), and (D) Trehalose 

synthase (treS). Colored lines represent different depths in the water column. The white 

areas represent early and late light phases of the diel cycle while grey areas represent 

the dark phase. 
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