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The picocyanobacteria genera Prochlorococcus and Synechococcus play a significant role globally, dominating the primary production in warm and oligotrophic tropical and subtropical areas, which represent the largest oceanic ecosystem. Genomic studies have revealed high microdiversity within these genera. It is anticipated that ocean warming may cause decreased biodiversity in marine tropical areas, as increasing temperatures may lead to the development of a new thermal niche in these regions. Thus, our study aimed to characterize the microdiversity of picocyanobacteria in the Red Sea, one of the warmest oligotrophic seas on the planet, which is experiencing warming at a rate that exceeds the global average. We identified picocyanobacteria microdiversity in the open waters of the Eastern Red Sea basin, where seawater temperatures ranged from 22.2 to 32.4°C throughout the water column (from surface to 160 m depth). Both Prochlorococcus and Synechococcus populations were characterized to deep taxonomic levels, applying amplicon sequencing targeting the petB gene, revealing up to 15 different (sub)clades. Synechococcus dominated the basin, representing an average of 68.8% of the total reads assigned to both cyanobacteria. The subclade Synechococcus IIa and Prochlorococcus clade HLII were ubiquitous in the water column of the Eastern Red Sea basin, representing 73% and 56% of the Synechococcus and Prochlorococcus assigned reads, respectively. Maximum cyanobacteria richness was observed at approximately 27.5°C, declining at higher and lower temperatures (polynomial fit, R2 = 0.2, p<0.0001). Synechococcus IIa dominated in the warmest surface waters (>30°C) of the Red Sea, displacing other (sub)clades to more saline and nutrient-poor waters, thereby reducing community diversity (polynomial fit, R2 = 0.77, p<0.0001). Our study contributes to identifying changes in picocyanobacterial diversity when exposed to temperatures exceeding current oceanic thermal limits, through the analysis of Red Sea communities already inhabiting such higher-temperature niches.
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1 Introduction

Oligotrophic areas of the oceans represent >40% of the ocean’s surface, and in them, pico-sized phytoplankton is responsible for up to 80%-90% of the primary production (Agawin et al., 2000; Uitz et al., 2010). This extensive surface area is however dominated by two cyanobacterial genera, Prochlorococcus and Synechococcus, which are described to exhibit high microdiversity within their populations (e.g., Scanlan et al., 2009; Mazard et al., 2012). Different environmental factors shape the microdiversity structure of marine environments, including stratification and mixing processes (Post et al., 2011), nutrient inputs (Spatharis et al., 2007), or salinity (Busseni et al., 2020). Seawater temperature also specifically shapes the diversity of oceanic taxa, which typically peaks in warmer waters (Tittensor et al., 2010; Ibarbalz et al., 2019; Righetti et al., 2019). For cyanobacteria, studies in the Atlantic and Pacific Oceans reported that high seawater temperatures lead to increased Prochlorococcus and Synechococcus richness indices, respectively (Jameson et al., 2010; Xia et al., 2019). However, in a warming ocean scenario, projected increases in seawater temperatures are expected to alter the composition of phytoplankton communities. Specifically, warming projections are expected to have a detrimental effect on communities inhabiting tropical oceans, where rising temperatures may cause sharp declines in phytoplankton diversities. This reduction in diversity would be caused by the proximity of the thermal optima of tropical phytoplankton taxa to current mean temperatures, and the negative skewness of their thermal tolerance curves, leading to sharp declines in growth rate when subjected to relatively small increases in temperature (Thomas et al., 2012).

Among the world’s marine environments, the Red Sea stands out for its characteristically high surface water temperatures, often exceeding 30°C and even surpassing the local historical record of 33°C (Rasul et al., 2015; Chaidez et al., 2017). The main basin is permanently stratified by its strong thermocline, thus limiting the nutrient input from deeper waters toward the oligotrophic shallow waters (Weikert, 1987; Longhurst, 1998). Therefore, this basin is generally considered an oligotrophic system despite a seasonal inflow of nutrient-rich Indian Ocean intermediate water through the Bab-el Mandab Strait at its southernmost limit. In the Red Sea, Synechococcus abundances outnumber those of Prochlorococcus (Veldhuis and Kraay, 1993; Al-Otaibi et al., 2020; Coello-Camba and Agustí, 2021), thriving in the warm and well-illuminated superficial waters, especially in the southern waters that are characterized by high temperatures (> 30°C) and low salinity (Coello-Camba and Agustí, 2021). In contrast, Prochlorococcus thrives in deeper layers mainly towards the Central (Coello-Camba and Agustí, 2021) and North Red Sea (Veldhuis and Kraay, 1993). Previous studies have reported a high abundance of Synechococcus clade II and Prochlorococcus HLII in the Gulf of Aqaba (Fuller et al., 2003, 2005; Penno et al., 2006; Post et al., 2011), both of which commonly occur in high-temperature and low-nutrient waters (Kent et al., 2018). However, given the steep mean warming rate described for this basin (0.17 ± 0.07°C per decade, Chaidez et al., 2017) exceeding the global ocean rate, alterations in the diversity of inhabiting cyanobacterial communities are expected. As part of the tropical ocean, these key communities in the Red Sea may already be subjected to decreased diversities, therefore compromising the productivity of this ecosystem (Thomas et al., 2012).

In this study, we characterize the picocyanobacterial communities of the Red Sea by identifying their clade composition, and evaluating various environmental parameters to assess the relationships between clade and subclade distributions and environmental gradients. We calculate cyanobacteria microdiversity indices to examine their variability in response to environmental changes, particularly focusing on Red Sea seawater temperature, which surpasses the maximum surface temperature of tropical oceans by over 2°C. This way, our primary goal is to analyze the temperature-related patterns of picocyanobacterial diversity in one of the warmest marine ecosystems on Earth, where current temperatures closely approximate the projections of thermal niche distributions in the future ocean.




2 Materials and methods



2.1 Sampling

Five different cruises were performed onboard RV Thuwal (Threats, Dust, and CCF-1 cruises) and RV Al-Azizi (CCF-2 and 3) from October 2016 to March 2018 (Figure 1; Supplementary Table S1), covering a transect from 17.09 to 27.6°N.




Figure 1 | Map showing the distribution of the 28 sampling stations along the Red Sea basin, coloured based on the sampling month.



At each station, seawater samples were taken from four depths, distributed from the surface (3-5 m) to a maximum of 160 m, including the deep chlorophyll a maximum (DCM). Depending on the vessel, an Idronaut (Ocean Seven 305 Plus) or Sea-Bird (SBE 911 plus)CTD profiler was used to measure the seawater temperature and salinity in situ.

Integrated photosynthetically active radiation (PAR, 400–700 nm) and ultraviolet B radiation (UVB, 305 nm) were recorded with a BIC Compact or a PUV-2500 Profiling UV Radiometer (Biospherical Instruments, San Diego, USA), which were deployed at each station at solar noon avoiding shading from the vessel. The diffuse attenuation coefficients (Kd) were estimated as the slopes of the linear regression of the natural logarithm of instantaneous down-welling irradiance (µmol m-2 s-1) vs. depth (m).

To measure nutrient concentrations (NO3 and PO4), approximately 15-mL seawater samples were kept frozen until analyzed on land using a Segmented Flow Analyzer (SEAL Analytical).

At every sampling location and depth, 300-mL samples were filtered using Whatman GF/F filters to measure chlorophyll a (Chl a) concentrations, following the fluorometric method described by Parsons et al. (1984). Briefly, 7 mL of 90% acetone was added to the filter and kept refrigerated in the dark for 24 h to extract the pigment. After incubation, we performed sensitive chlorophyll-a measurements considering its specific fluorescence excitation and emission wavelengths using a calibrated Trilogy laboratory fluorometer (Turner Designs, Inc.).

To perform cyanobacteria cell counts, we took approximately 1 mL of seawater at each depth. Immediately after sampling, we identified and determined cell abundances using a CyFlow® Space flow cytometer equipped with a blue laser beam (488 nm) coupled with a CyFlow® autoloading station to facilitate sample loading and processing. The procedures used to analyze these samples are described by Coello-Camba and Agustí (2021).




2.2 DNA extraction, PCR amplification, and sequencing

For DNA analyses, a minimum of 8 L of seawater was obtained from each station and depth. Immediately after sampling, the water samples were filtered through 3 µm and collected on 0.2 µm Isopore™ membrane filters (142 mm) using a Millipore Masterflex peristaltic pump. The 0.2 µm filters were kept carefully folded in 15 mL plastic tubes and immediately frozen at -80 °C.

DNA was extracted using the DNeasy® PowerWater® DNA Extraction kit (MoBio Laboratories, Inc., Carlsbad, CA). The petB gene was selected as a target to assess the microdiversity within Prochlorococcus and Synechococcus communities, using a petB primer set specifically developed and adapted for this purpose (Coello-Camba et al., 2023). PCR amplicons were purified, processed and sequenced by Illumina MiSeq at the KAUST CORELab facilities, following the steps described in Coello-Camba et al. (2023).




2.3 Sequence processing

Raw sequences were processed, analyzed, and filtered using the QIIME 1.9.1 software (Caporaso et al., 2010). Primer sequences were removed using cutadapt (Martin, 2011), and forward and reverse sequences were assembled with PEAR (Zhang et al., 2013) prior to quality filtering. Filtered sequences were then dereplicated with VSEARCH (Rognes et al., 2016), and clustered based on a 94% similarity, as determined by computing within-group distances using Mega 7.0.26 (Tamura et al., 2007). After excluding singletons and chimeras, sequences were classified with MOTHUR (Schloss et al., 2009) against a reference database (Coello-Camba et al., 2023).




2.4 Data analysis

After testing for normal distribution with the D’Agostino-Pearson normality test, we estimated the Spearman correlations between log-transformed environmental data and (sub)clade read proportions using GraphPad Prism® 7.0a.

Principal component analysis (PCA) was conducted on log-transformed parameters (except for temperature, salinity, latitude, and depth values) using JMP® Pro 12.1.0 to determine the relationships between environmental factors and the distribution of the different Synechococcus and Prochlorococcus (sub)clades.

Diversity indices, including richness and Shannon index (H’), were calculated for Synechococcus and Prochlorococcus populations together. The Shannon diversity index was calculated using the alpha_diversity.py script in QIIME.

Additionally, a Bray-Curtis distance matrix was calculated as a beta diversity measurement with vegdist using the vegan package in R (version 3.4.3). Data was previously rarefied to 40,000 sequences per sample and log-transformed. Given that %PAR and %UVB values were not available for all of our samples, these two parameters were excluded from the beta diversity calculations. A multivariate permutational analysis was also conducted to test the significance of the correlation between each environmental variable and the distance matrix with adonis. A Mantel test (999 iterations, Spearman correlation) was conducted on the community Bray-Curtis matrix and a Euclidean distance matrix between environmental parameters. Additionally, we selected the Euclidean set of environmental variables that better define the distance matrix using bioenv.

The petB sequences obtained here from Red Sea samples are deposited at NCBI under BioProject number PRJNA748390.





3 Results



3.1 Cyanobacteria abundance and environmental conditions

During our study along the Red Sea basin, covering a transect of approximately 10 latitudinal degrees (Figure 1), the seawater temperatures averaged (± SE) 27.1 ± 2.6°C, varying between 22.2 and 32.4°C and exhibiting a negative correlation with latitude and depth (Supplementary Figure S1; Supplementary Table S2). Salinity ranged from 37.6 to 40.5 psu, with a mean value of 39.4 ± 0.08 psu. Unlike temperature, salinity was positively correlated with latitude and depth (Supplementary Figure S1; Supplementary Table S2). Moreover, 50% of the incident photosynthetically active radiation (PAR) reached an average (± SE) depth of 11.4 ± 2.3 m, whereas 10% and 1% of the PAR reached 38.1 ± 1.7 m depth and 76.7 ± 1.9 m, respectively. For UVB, 50% of the incident radiation reached an average depth of 3.9 ± 2.8 m, whereas 10% of UVB reached 9.2 ± 3.4 m, and 1% UVB reached 16.3 ± 3.2 m (Supplementary Figure S1). Chlorophyll a concentration averaged (± SE) 0.34 ± 0.02 µg L-1, with a maximum of 1.04 µg L-1 and minimum of 0.01 µg L-1 (Supplementary Figure S1). Regarding nutrient concentrations, PO4 and NO3 mean concentrations (± SE) were 0.17 ± 0.04 µM and 1.89 ± 0.27 µM, respectively (Supplementary Figure S1).

Picocyanobacteria cell abundances determined via flow cytometry averaged (± SE) 1.19·104 ± 2.19·103 cells mL-1 for Synechococcus and 7.25·103 ± 1.16·103 cells mL-1 for Prochlorococcus. The cell abundance of Synechococcus increased towards the south and in surface waters (Supplementary Figure S1; Supplementary Table S2), showing a positive correlation with temperature, %PAR, and %UVB, and a negative correlation with salinity. The correlations between Prochlorococcus cell abundance and environmental parameters exhibited opposite trends to those observed for Synechococcus but did not vary significantly with latitude (Supplementary Figure S1; Supplementary Table S2). Synechococcus and Prochlorococcus concentrations were negatively correlated with each other but were positively correlated with chlorophyll a concentration (Supplementary Table S2).




3.2 Synechococcus and Prochlorococcus clades, subclades, and community composition distribution

DNA sequences from 105 samples were processed, and a total of 11,319,755 petB reads were obtained; 76.7% of these reads were clustered and assigned to specific Prochlorococcus or Synechococcus taxa, leaving a total of 456 OTUs classified into (sub)clades. The proportion of reads assigned to Prochlorococcus and Synechococcus populations each correlated with the proportion of the respective cell abundances determined with flow cytometry (Spearman’s r=0.33, Supplementary Figure S2).

We identified a total of 10 clades: 3 Prochlorococcus clades (HLI, HLII, and LLI), and 7 Synechococcus clades, including CRD1, EnvA, II, III, VII, IX, and WPC1. Synechococcus clades II and III were further classified into several subclades (IIa, IIb, IIc, IIe, IIf, IIIa, and IIIb; Figure 2, Supplementary Figure S3). Our analysis also detected the presence of sequences belonging to Prochlorococcus or Synechococcus genera that could not be further identified and were therefore reported as “unclassified.” However, a BLAST search in the NCBI database (https://blast.ncbi.nlm.nih.gov/Blast.cgi) revealed that most of the unclassified Prochlorococcus sequences were closely related to low-light adapted branches, with approximately 66% of these reads showing percent identities with LLI clades ranging from 79% to 88%.




Figure 2 | Stacked plots of the proportion of reads assigned to Prochlorococcus and Synechococcus (sub)clades organized by station and depth, from north to south. Samples taken at 22.23 °N were taken at the same station during two different cruises and are therefore represented separately.



The most abundant subclade was Synechococcus IIa, with an average proportion (± SE) of 62.49 ± 3.8% of the total reads assigned to both genera (Figure 2). The proportion of subclade IIa showed great variability, from being almost absent in some samples (minimum proportion of 0.04% of total cyanobacteria reads), to dominating the population with more than 99% of the total reads (Figure 2). Synechococcus clades CRD1, IX, and IIc exhibited average values of 2.02 ± 0.96%, 4.69 ± 1.63%, and 2.4 ± 0.39% of total assigned reads respectively (Figure 2), reaching maximum concentrations above 70% for CRD1 and IX, and above 20% for IIc in some samples. The remaining Synechococcus groups identified were less represented in the community, with average proportions below 1% of the total cyanobacterial reads. Among these groups, subclade IIIb was the least abundant, being present in only two samples, and was therefore excluded from downstream analyses. The proportion of the most abundant subclade Synechococcus IIa decreased with latitude and depth, with negative correlations with salinity and positive correlations with temperature and solar radiation (Table 1; Figure 3). This subclade was positively correlated with Chl a concentration and Synechococcus cell abundance and negatively correlated with Prochlorococcus cell abundance (Table 1). The proportion of Synechococcus IIb reads increased with latitude, salinity, and Prochlorococcus cell abundance, and decreased with nutrient concentrations (Table 1; Figure 3). For subclade IIc, the proportions increased with latitude and %UVB and decreased with PO4 concentration (Table 1; Figure 3). No significant trends were observed for Synechococcus IIe (Table 1; Figure 3). For IIf, the proportion of reads did not vary with latitude but decreased with depth, being positively correlated with %PAR and %UVB radiation and negatively correlated with PO4 concentrations (Table 1; Figure 3). The proportion of Synechococcus IIIa increased with latitude, salinity, and Prochlorococcus cell abundances, and decreased with nutrient concentrations (Table 1; Figure 3). Clade IX was positively correlated with PO4 concentration and Synechococcus cell abundances but decreased with latitude and salinity (Table 1; Figure 3). Clade VII only showed significant correlations with temperature (negative) and nitrate (positive) (Table 1; Figure 3). Synechococcus EnvA exhibited a positive correlation with latitude and a negative correlation with depth and PO4 concentration (Table 1; Figure 3). For Synechococcus CRD1 and WPC1, we did not observe any significant trends associated with the parameters measured herein (Table 1; Figure 3). The samples obtained from 0 to 50 m deep in the southern area (17.09-23.8 °N), where the temperature exceeded 30 °C, were dominated by Synechococcus IIa, accounting for an average of 85.6 ± 6% of the total assigned reads. The saltiest waters in the North (≥ 40 psu) were also dominated by this subclade (48.6 ± 5% on average).


Table 1 | Spearman correlations (p < 0.05) between location, environmental parameters, Prochlorococcus and Synechococcus cell abundances, and read % for each (sub)clade observed.






Figure 3 | Bubble plots of the % reads corresponding to the different (sub)clades identified, relative to total Prochlorococcus and Synechococcus reads, according to latitude and depth. Plots marked with (▲, plots A–C) represent Prochlorococcus and (○, plots D–N) Synechococcus subclades. In plot O, the temperatures measured at the different sampling depths and stations are represented.



For Prochlorococcus, clades HLII and LLI accounted for 13.6 ± 2.1% and 12.8 ± 2.8% (Mean ± SE) of total reads assigned to both genera, respectively, with clade HLII presented in all but one of the samples examined. Whereas HLI was the least abundant Prochlorococcus group with a mean of 0.04 ± 0.02% of total assigned reads (Figure 2). The proportions of total reads assigned to Prochlorococcus HLI and HLII increased significantly with latitude but were largely unaffected by depth (Table 1; Figure 3). Further, the proportions of both groups increased with salinity and decreased with PO4 concentrations, and HLII also decreased with NO3 concentrations (Table 1). Interestingly, the proportion of reads assigned to Prochlorococcus LLI did not vary with latitude, but increased with depth, salinity, and nutrients, and decreased with temperature and both %PAR and %UVB radiations (Table 1; Figure 3). Both HLII and LLI were negatively correlated with Synechococcus cell concentrations, and LLI correlated positively with Prochlorococcus cell concentrations (Table 1).

Prochlorococcus HLI, HLII, and Synechococcus EnvA, IIb, IIc, IIf, and IIIa correlated positively with each other (except IIf with HLII) (Table 1). Prochlorococcus LLI only exhibited a single significant negative correlation with Synechococcus IIa (Table 1). The proportion of the abundant Synechococcus IIa was negatively correlated with the three identified Prochlorococcus groups and with Synechococcus CRD1, IIb, and IIIa (Table 1). Synechococcus CRD1, IIe, IX, and VII correlated positively with each other, and clade IX also correlated negatively with HLII (Table 2). Synechococcus WPC1 correlated positively with EnvA, IIb, IIe, IIf, IX, and VII (Table 1).


Table 2 | Loading values for each component of the PCA plot in Figure 4.



A principal component analysis (PCA) elucidated strong correlations between depth, %PAR, temperature, salinity, %UVB, and NO3 concentration on the proportion of reads assigned to Prochlorococcus LLI and Synechococcus IIa (Figure 4; Table 2). The proportion of Prochlorococcus LLI reads increased significantly in samples collected from deeper, colder, and less illuminated waters under higher salinity and nitrate concentrations, whereas Synechococcus IIa exhibited the opposite response to these factors (Figure 4; Table 2). Furthermore, cell concentrations were also significantly correlated with the proportion of reads of both groups, with LLI being positively correlated with Prochlorococcus cell abundance and negatively correlated with Synechococcus cell abundance. For Synechococcus IIa, the correlations with cell abundances exhibited the opposite trend (Figure 4; Table 2). Latitude and salinity affected most of the read proportions assigned to other groups, with both parameters exhibiting a positive correlation with Prochlorococcus HLII and Synechococcus EnvA, IIb, IIc, IIf, and IIIa, and a negative correlation with Synechococcus CRD1, IIe, and IX (Figure 4; Table 2). Nutrient concentrations had a less pronounced effect on clade relative abundances than latitude and salinity, albeit with an opposite sign (Figure 4; Table 2). Further, we did not identify clear trends for Prochlorococcus HLI and Synechococcus VII and WPC1 read proportions (Figure 4; Table 2).




Figure 4 | Principal component analysis (PCA) plot including clade % (Prochlorococcus in green; Synechococcus in purple), the main environmental variables measured throughout our study, as well as latitude, depth, and cyanobacteria cell concentrations.






3.3 Diversity indices

The (sub)clade richness and Shannon index for each sample were determined as indicators of alpha diversity. The average (± SE) (sub)clade richness estimated from our samples was 9 ± 0.3 (sub)clades per sample. The lowest richness value was observed in a sample taken at 160 m depth, in a central Red Sea station, where only 3 groups were identified, including Prochlorococcus HLI and HLII and a small proportion of Synechococcus IIa. The maximum richness value was 14, also observed in the DCM of the central Red Sea where all the Prochlorococcus and Synechococcus (sub)clades identified in this study were observed. Cyanobacteria richness reached a maximum value at 27.1°C (polynomial fit, R2 = 0.2, p < 0.0001, Figure 5 plot A); the richness of Synechococcus clades alone reached a maximum value at a similar temperature (27.3°C), whereas no significant trends were found when considering only Prochlorococcus. Richness did not show any significant correlation with salinity but did exhibit significant, albeit weak, negative relationships with phosphate (p = 0.006) and nitrate (p = 0.04). With regards to cell abundances, we observed a maximum richness value at Synechococcus concentrations of approximately 2300 cells mL-1 (polynomial fit, R2 = 0.32, p < 0.0001, Figure 5 plot B). Richness decreased linearly with increasing LLI proportion in the samples (slope = -0.04, p < 0.0001) and increased significantly with the proportions of EnvA (slope = 4.04, p = 0.01), IIf (slope = 3.77, p < 0.0001), WPC1 (slope = 0.89, p = 0.001), and IIIa (slope = 0.64, p = 0.02).




Figure 5 | Variation of cyanobacteria richness with temperature (A) and Synechococcus abundance (B).



Shannon’s index averaged 0.58 ± 0.04 and varied between 0.02 and 1.43. This diversity index reached maximum values with latitude at 24.2°N (polynomial fit, R2 = 0.12, p = 0.001). The Shannon index increased linearly with salinity (slope = 0.2 ± 0.05, R2 = 0.13, p = 0.0002) and did not show any significant correlation with nutrients concentrations. This index showed a polynomial relationship with Synechococcus abundance, showing maximum values at Synechococcus concentrations close to 600 cells mL-1 (polynomial fit, R2 = 0.46, p < 0.0001, Figure 6 plot A). Considering the proportion of Synechococcus IIa in the samples, the Shannon index reached its maximum at a 40% Synechococcus IIa proportion (polynomial fit, R2 = 0.77, p < 0.0001, Figure 6 plot B), showing a sharp decrease at lower and higher proportions. For Prochlorococcus clades, the maximum Shannon indices were observed at proportions of 45% Prochlorococcus HLII (R2 = 0.35, p = 0.0001, Figure 6 plot C) and 42% LLI (R2 = 0.22, p = 0.0001). We did not observe any significant correlations between the Shannon index and other detected (sub)clades.




Figure 6 | Variation of Shannon’s index with Synechococcus abundance (A), and read proportions of Synechococcus IIa (B) and Prochlorococcus HLII (C). The lines represent adjusted polynomial functions and the shaded areas represent the standard error. The R2 and p values for each fit are represented in the plots.



Next, a Bray-Curtis dissimilarity matrix was calculated to determine the inter-sample diversity (beta diversity). The results of the Mantel test confirmed that there was a significant relationship between the dissimilarity and the Euclidean environmental matrices (r = 0.34, p = 0.001), indicating that the changes in cyanobacterial community composition were modulated by the environment. According to the results of our bioenv test, the set of environmental variables that best explained the dissimilarity matrix were temperature, salinity, and nitrate concentrations (r = 0.36). Adonis analyses were then conducted to test which individual variables correlated best with the changes in community assemblages observed herein. Our results indicated that depth (explaining 19.1% of the variation), temperature (15.4%), salinity (15.0%), latitude (11.8%), and Synechococcus cell abundances (11%) had the strongest effect on the lineage composition between samples, followed by nutrients (PO4: 4.8%, NO3: 7.5%) and Prochlorococcus abundances (6.6%). Further, using a pairwise adonis function, we identified significant differences between the beta-diversities of samples obtained from the southern basin (< 19°N) and samples from the rest of the basin (F Model = 10.28, R2 = 0.11, p = 0.001).





4 Discussion

Our genetic analyses of Red Sea samples elucidated the presence of up to 15 different Synechococcus and Prochlorococcus (sub)clades, with a predominance of Prochlorococcus HLII and Synechococcus subclade IIa, ubiquitous in the photic layer of the Eastern basin, both typical of high-temperature, low-macronutrient, and iron-sufficient waters (Kent et al., 2018). Our findings indicated that clade distribution was strongly influenced by environmental gradients in the Red Sea basin, picocyanobacterial richness showing a bimodal distribution with temperature, showing maximum at 27.3°C, decreasing at lower and higher temperatures. The warmest waters (≥ 30 °C) were dominated by Synechococcus IIa, the most abundant group in the entire basin, and its increasing dominance resulted in a notable decrease in community diversity. For the deepest samples analyzed, we observed an increase in unclassified Prochlorococcus reads below the DCM layer, as observed by Shibl et al. (2016).

We assigned Prochlorococcus reads to 3 different clades, similar to the clade richness obtained targeting the internal transcribed spacer region (ITS) in surface waters of the North Pacific (Choi et al., 2011, 2013; Larkin et al., 2016), but less than those found in other oligotrophic areas (Huang et al., 2012; Shibl et al., 2014; Affe et al., 2018). In the Red Sea, Shibl et al. (2014) identified up to 8 different Prochlorococcus clades, mostly dominated by HLII. Prochlorococcus HLII was ubiquitous and the most abundant Prochlorococcus clade found in our study, which was also consistent with previous studies in the region (West et al., 2001; Fuller et al., 2005; Penno et al., 2006; Ngugi et al., 2012; Shibl et al., 2014; 2016). We found lower abundances of Prochlorococcus HLI, and LLI, as observed for the Gulf of Aqaba in the Northern Red Sea (West et al., 2001; Fuller et al., 2005). Prochlorococcus clades were distributed down the water column following a vertical partition, where Prochlorococcus HLII dominated closer to the surface and was present along the water column. A similar result was reported by Shibl et al. (2014) for the Red Sea, highlighting the predominance of HLII even below 200 m deep. Prochlorococcus LLI showed increased proportions below 70 m depths, where PAR was approximately < 1%, matching the niche distribution of Prochlorococcus cell abundances in the Red Sea, characterized by low illuminated and colder waters under higher salinities and nutrient concentrations (Coello-Camba and Agustí, 2021). Seawater temperature (Martiny et al., 2006, 2009) and salinity (Larkin et al., 2016) have been defined as important determinants of the relative abundance of Prochlorococcus HL ecotypes in oceans. Prochlorococcus HLII exhibited a positive correlation with increasing latitude and salinity, with HLI being absent from the southernmost and more superficial samples. The shift from clade HLII to clade HLI towards higher latitudes and colder waters observed here was consistent with the similar distribution of these clades reported elsewhere (Johnson et al., 2006; Zwirglmaier et al., 2008; Huang et al., 2012).

There are few studies documenting the clades composition of Synechococcus in the Red Sea. In our investigation, we determined the presence of 7 Synechococcus clades, in line with the 8 and 10 Synechococcus clades identified by Post et al. (2011) and Fuller et al. (2003), respectively, in the Gulf of Aqaba (Northern Red Sea). We observed that Synechococcus clade II was both ubiquitous and predominant across the Eastern Red Sea basin. Notably, our study encompassed a broader geographical area and water column than previous research on both Prochlorococcus and Synechococcus populations of the Red Sea, further reinforcing the overwhelming dominance of Synechococcus clade II in these waters. Clade II was also found to thrive in surface waters of the Indian Ocean (Farrant et al., 2016) and tropical and subtropical areas of the Pacific gyres (Xia et al., 2019), the California Current (Toledo and Palenik, 2003), and the northern part of the Arabian Sea (Fuller et al., 2006). Zwirglmaier et al. (2008) demonstrated that this clade was associated with warm waters ranging from 22°C to 28 °C in the Moroccan Atlantic, whereas other clades either possessed a wider temperature tolerance range or were restricted to cooler waters. In addition to this clade, we identified several Synechococcus clades, including clades III, VII, and IX, which had been previously detected in the Gulf of Aqaba in the northern Red Sea (Fuller et al., 2003, 2005; Penno et al., 2006). We also identified the presence of clades WPC1, EnvA, and CRD1 in the Red Sea, described elsewhere (Saito et al., 2005; Choi and Noh, 2009; Mazard et al., 2012).

The distribution of the predominant Synechococcus IIa exhibited a positive correlation with both %PAR and %UVB, significantly increasing in warmer, well-illuminated waters characterized by low salinity and nitrate concentrations. However, this subclade was particularly favored by the warmest conditions (>30°C), being temperature the primary factor influencing its abundance in our study, while other Synechococcus II subclades showed minimal response. In the Eastern Red Sea basin, picophytoplankton populations are strongly influenced by temperature, which stands out as the predominant environmental factor shaping their distribution (Coello-Camba and Agustí, 2021). Furthermore, the distribution of cyanobacteria is influenced by competitive interactions among different populations, which play a significant role in defining and partitioning their realized niches. The realized niche of Synechococcus in the Red Sea is centered around 30°C, with this cyanobacterium dominating the picophytoplankton community in warmer waters (Coello-Camba and Agustí, 2021). Specifically, our results indicate that these warmer waters are predominantly inhabited by subclade IIa.

Temperature affects metabolic processes, with higher temperatures increasing the rate of metabolic reactions and therefore controlling ecological processes at all levels of organization (Brown et al., 2004). Temperature has also been defined as a fundamental factor that enhances the diversity of marine taxa in general (Tittensor et al., 2010), and phytoplankton groups in particular (Ibarbalz et al., 2019; Righetti et al., 2019; Busseni et al., 2020) explaining more than two-thirds of the global variations in phytoplankton richness (Righetti et al., 2019). Cyanobacterial richness increased with increasing temperature as is described in global models but the high temperatures that characterize the Red Sea (Chaidez et al., 2017) have gradually decreased the richness of the native cyanobacterial communities, and have led to the overwhelming predominance of Synechococcus subclade IIa. These temperatures exceed the highest ocean temperatures reported in global phytoplankton diversity studies by >1.5 – 2°C (Ibarbalz et al., 2019; Righetti et al., 2019) and may be characteristic of the predicted new “thermal niches” that may experience tropical species with ocean warming (Thomas et al., 2012).

It has been hypothesized that bacterial communities consist of a core community of abundant groups that are responsible for most biogeochemical functions (e.g., carbon fixing or nitrogen cycling) and a group of rare members that provide a background of genomic potential (Höfle et al., 2008; Galand et al., 2009; Pedrós-Alió, 2012). Based on the arbitrary relative abundance cut-off value of 1% that is widely used to discriminate between abundant and rare groups (Galand et al., 2009; Pedrós-Alió, 2012; Vergin et al., 2013), only 6 of the (sub)clades detected in our study can be considered abundant, including Prochlorococcus HLII, LLI, and Synechococcus IIa, IIc, IX, and CRD1. Among the less abundant (sub)clades identified herein, we observed a significant contribution of Synechococcus EnvA, IIf, IIIa, and WPC1 to the richness values. The rare members of a microbial community contribute significantly to its richness and biodiversity (Pedrós-Alió, 2012; Lynch and Neufeld, 2015), maintaining the balance and function of ecosystems by enhancing the metabolic and genetic potential of the community (e.g., Jousset et al., 2017). These groups may also play a role as a “seed bank,” offering a pool of genetic resources that may act as a “safety net” for the community under changing conditions (Vergin et al., 2013; Jousset et al., 2017). Our results indicated that the relative proportions of the rare groups sporadically surpassed the 1% cut-off value, but never in samples taken at temperatures above 30°C, where Synechococcus IIa is overwhelmingly predominant and displaces Prochlorococcus and less abundant subclades from the community. We also observed a slowdown in the increasing trend of cyanobacterial diversity at the warmest range of the tested temperatures, reaching a maximum richness value at 27.1°C, and decreasing at higher temperatures, as Synechcoccus IIa becomes overwhelmingly predominant and reaches average proportions of 86.5% at temperatures above 30°C.

Overall, the range of Shannon indices (0.02-1.43) observed in our study matched the values observed in picocyanobacteria communities from different sites. Choi et al. (2011) reported low Shannon indices (averaging approximately 0.08) in surface cyanobacterial populations that inhabited warm (29-30.9°C) oligotrophic open ocean stations in the tropical Pacific Ocean and were dominated by Prochlorococcus HLII. However, as conditions changed towards colder and more nutrient-rich coasts, Synechococcus populations grew and diversified, leading to peaks in Shannon indices (up to approximately 1.8). The decreased Shannon index observed in our study reflects the Synechococcus IIa increased predominance in the population, thus leading to an overall decrease in (sub)clade diversity as well as to lower equity in the relative abundances of the (sub)clades represented.

We observed a positive correlation between salinity and Shannon diversity, also detected for Synechococcus populations in coastal waters near Hong Kong (Xia et al., 2017). In contrast, nutrient concentrations did not affect the alpha diversity values. Previous observations indicate that nutrient inputs can have different effects on the diversity of phytoplankton communities, either by stimulating the growth of several groups or decreasing diversity due to the dominance of a single blooming species (Spatharis et al., 2007). A previous mesocosm experiment in Red Sea waters determined that the Synechococcus community diversity did not vary during a bloom triggered by nutrient inputs, where, in agreement with our results, clade IIa dominated the community before and immediately after the event, before being decimated by virus infection (Coello-Camba et al., 2020).

Temperature has been defined as a relevant factor in explaining and predicting the global patterns of species richness across major marine groups, ranging from zooplankton to marine mammals (Tittensor et al., 2010). Surface seawater temperature (SST) was found to be the only statistically significant predictor (including primary productivity, oxygen stress and temporal stability) explaining diversity (Tittensor et al., 2010), supporting the kinetic energy hypothesis, which implies that higher metabolic rates or relaxed thermal constraints promote diversity. For phytoplankton groups in particular, Ibarbalz et al. (2019) found that SST was strongly and positively associated with diversity patterns of marine plankton groups across the oceans, explaining overall more than two-thirds of the global variations in phytoplankton richness (Righetti et al., 2019). In a transect through the North Pacific, Xia et al. (2019) observed an increase in the species richness of surface Synechococcus assemblages in response to water temperature, which coincided with a shift in the predominant clade from Synechococcus I in the coldest waters to clade CRD1 in the warmest areas. This is particularly noticeable in the warmest areas where Synechococcus reaches its highest abundance (Coello-Camba and Agustí, 2021). Different studies highlighted the relevance of temperature in driving marine diversity, suggesting that changes in the temperature of the ocean due to warming may have strong consequences for the distribution of marine biodiversity (Ibarbalz et al., 2019; Busseni et al., 2020), including picocyanobacterial taxa, as found in our study.

Therefore, our findings provide important insights into the major environmental factors that shape the diversity of cyanobacterial communities in the Red Sea, as well as the preponderant influence of temperature on (sub)clade distributions and dominance. The highest temperatures led to decreased population diversity as Synechococcus IIa thrived at the expense of displacing other (sub)clades. Using the Red Sea as a gauge for the future global ocean, we could therefore expect thriving Synechococcus populations with decreased microdiversity, posing a potential threat to the metabolic and genetic capabilities of the planktonic community in a high-temperature scenario.
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OEBPS/Images/table1.jpg
Assigned read %

CRD1 EnvA lla llb llc Vil
Latitude (°N) 0.40 0.59 ns ns 0.28 -0.46 0.53 0.30 ns ns 0.51 -0.47 ns ns
Depth (m) ns ns 0.65 ns -0.21 -0.51 ' ns ns ns -0.23 ns ns ns ns
Temperature (°C) ns ns -0.58 ns ns 051 ns ns ns ns ns ns 2022 ns
Salinity (psu) 0.39 0.45 037 ns ns -0.56 0.34 ns ns ns 0.45 -0.50 ns ns
% PAR ns ns -0.66 ns ns 042 ns ns ns 032 ‘ ns ns ns ns
% UVB ns ns -0.62 ns ns 033 ns 0.26 ns 0.35 ns ns ns ns
Chla (ngL™) ns ns ns ns ns 0.26 ns ns ns ns ns ns ns ns
PO, (M) 039 -0.46 0.33 ns 043 ns -0.51 027 ns 2030 | -0.50 023 ns ns
NO; (uM) ns -0.24 0.37 ns ns ns -0.35 ns ns ns -0.22 ns 0.23 ns
Proch. cells mL™ ns ns 0.49 ns ns -0.32 0.21 ns ns ns 0.22 ns ns ns
Syn. cells mL™" ns -0.25 -0.56 ns ns 0.57 ns ns ns ns ns 0.22 ns ns

Assigned read %:

HLI
HLIT 0.58
LLI ns ns
CRD1 ns ns ns
EnvA 045 0.39 ns ns
Ila -0.28 -0.56 -0.67 -0.31 ns
IIb 0.58 0.61 ns ns 0.52 -0.22
Tic 041 0.54 ns ns 045 ns 0.34
Tle ns ns ns 0.40 ns ns ns ns
f 0.32 ns ns ns 0.54 ns 0.42 0.53 ‘ ns
JUIEY 0.65 0.61 ns ns 0.50 -0.36 0.68 0.41 ns 0.26
X ns -0.33 ns 036 ns ns ns ns 0.37 ns ns
vi ns ns ns 0.35 ns ns ns ns 041 ns ns 0.43
‘WPC1 ns ns ns ns 027 ns 0.26 ns 021 0.34 ns 0.45 031

Non-significant correlations are marked with ns.





