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Microbial plankton is essential for ocean biogeochemistry. As part of the prokaryotic phototrophic microbial community, both oxygenic phototrophs (OP) and anoxygenic phototrophs (AP) are widely distributed in the ocean and may play a significant role in carbon flow and oxygen production. However, comparative studies of microbial OP and AP have received very little attention, even though their different roles might be important in various marine environments, especially in oxygen minimum zones (OMZ). We explored the spatial distribution of the microbial community in the Baltic Sea, including an OMZ region, with a particular focus on the distribution and activity of OP and AP. We used 16S rRNA amplicon sequencing in combination with a qPCR-based quantification of photosynthesis marker genes. We found that specific bacterial groups dominated surface and intermediate depths, the OMZ, and deep waters, respectively. Salinity, temperature, oxygen, and depth were significant factors explaining the microbial community composition and distribution. A high diversity of OP and AP was observed, including OP-Chlorophyta, Diatoms, Cyanobacteria and Cryptomonads, and AP-Proteobacteria and Chloroflexota. OP were more abundant at most stations compared to AP. OP showed high photosynthetic activity and more photosynthesis activity in higher temperature and upper waters, while AP photosynthesis cannot be detected in most stations. Both, cyanobacterial and eukaryotic OP preferred to live in higher temperature and upper waters, but Cyanobacteria also preferred to live in oxic water while the whole OP community showed preference to live in higher salinity area. However, AP did not show any significant hydrochemical preference but prefer to live with OP community. The Baltic Sea is exposed to multiple climate change related stressors, such as warming, decreasing salinity, and deoxygenation. This study contributes to understanding and interpretation of how microbial community, especially phototrophic groups, might shift in their distribution and activity in a changing ocean like the Baltic Sea.
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INTRODUCTION

Microbial plankton has a global and major impact on ocean biogeochemistry (Falkowski et al., 2008), and its distribution and importance has been studied throughout many ocean areas (Brown et al., 2009; Alves Junior et al., 2015; Fernandes et al., 2020). However, there are still gaps in the fundamental ecological information about the biogeographical and spatial distributions of these organisms and their interaction with their environment. Among microbial plankton, oxygenic phototrophs (OP) are the key group to take up carbon and the main contributor to marine primary production (Raven, 2009). OP consist of two groups, Cyanobacteria and Eukaryotic algae (Liu et al., 2016), which carry out photosynthesis using chlorophyll (Chl) through photosystem I (PSI) and II (PSII) and release O2 during this process (Luuc et al., 1999). On the other hand, anoxygenic phototrophs (AP), especially aerobic anoxygenic phototrophs (AAP), have been considered to have a unique role in the ocean carbon cycle due to their ability to generate energy by capturing light and faster growth rates than other bacterioplankton (Koblížek et al., 2007; Ferrera et al., 2011; Garcia-Chaves et al., 2016). AAP are photoheterotrophs, while the other group of AP, anaerobic anoxygenic phototrophs (AnAP), are photoautotrophs under the presence of light and anoxic conditions (Yurkov and Beatty, 1998; Koblížek, 2015; Imhoff, 2017). Both AAP and AnAP could use bacteriochlorophyll (BChl) to capture light and produce ATP through either type-I or type-II photosystems without releasing O2 (Imhoff et al., 2018; Fecskeová et al., 2019). The major group of AP, belonging to Proteobacteria (such as orders Sphingomonadales and Rhodobacterales), have been shown to be abundant and diverse in the ocean, and may play an important but underestimated role in marine productivity and energy flow (Karl, 2002; Yutin et al., 2007; Boeuf et al., 2013). As both OP and AP could use light as an energy source, and play important roles in biogeochemical cycle and energy flow in the ocean, the relative distribution and activity of OP and AP shifting to different environment could influence carbon and oxygen dynamics vital for ocean ecology.

The diversity and abundance of AP, especially AAP, has been studied in many marine environments using different methods, such as qPCR and metagenomics using the AP photosynthesis specific marker gene pufM [encoding the Type-2 photosynthetic reaction center subunit M (Imhoff et al., 2018)], bchY (encoding both the Type-1 and Type-2 photosynthesis chlorophyllide oxidoreductase subunit Y) (Yutin et al., 2007, 2009; Salka et al., 2008; Bibiloni-Isaksson et al., 2016; Cuadrat et al., 2016), and BChl-based fluorescence detection (Cottrell et al., 2006; Lami et al., 2007; Zhang and Jiao, 2007). By screening the specific marker genes in the metagenome database from the Global Ocean Sampling Expedition, AAP account for 1–10% of total prokaryotes in the surface ocean (Yutin et al., 2007). Similar quantities were obtained when using fluorescence detection, with the average abundance 1–7% of total prokaryotes in oligotrophic ocean areas including the Mediterranean (1–4% in Hojerová et al., 2011), 2–15% of total prokaryotes in shelf seas (Koblížek, 2015), and 1–12% in a late spring bloom situation in the Baltic Sea (Montecchia et al., 2006). A substantially higher fraction of AAP of around 25% of total bacteria was detected in the oligotrophic South Pacific Ocean (Lami et al., 2007).

Modern approaches to quantify prokaryotic OP in parallel to AP included chlorophyll a (Chla) quantification (Koblížek et al., 2006, 2007; Hojerová et al., 2011), and flow cytometry to determine abundances of Cyanobacteria (Synechococcus and Prochlorococcus), but also autotrophic eukaryotes (Zhang and Jiao, 2007; Liu et al., 2010). Other approaches used metagenomics to target the OP photosynthesis-specific marker genes psbA (a PSII reaction center protein D1) and psaA (PSI P700 Chla apoprotein A1) (Alcamán-Arias et al., 2018; Sieradzki et al., 2018). By comparing specific marker gene abundances in a metagenome from the upper seawater (< 40 m) of the coastal area of the San Pedro Channel in the Pacific Ocean (Sieradzki et al., 2018), OP-PSI related genes were 2–3 times more abundant than AAP photosynthesis related genes. In surface waters of the Mediterranean coast, Synechococcus was substantially more abundant than AAP (2–14% vs. 0.2–6.3% of total prokaryotes) (Ferrera et al., 2014). In a depth profile of the Kuroshio Current water system of the East China Sea, various OP peaked in surface waters, while AAP reached a maximum abundance between 42 and 76 m water depth (Zhang and Jiao, 2007). Many environmental variables have been proposed to influence the abundance and distribution of OP and AP, respectively. These include temperature, salinity, light attenuation, and nutrient concentrations (Paerl, 2012; Ferrera et al., 2014; Liu et al., 2016). However, comparative studies of the ecology of OP and AP are still quite rare, and the role of AP is yet not well understood. Furthermore, most studies only focus on AAP in oxic environments, but AnAP in anoxic water may play an increasing role in the future while anoxic ocean water might expand to even reach euphotic zone, as oxygen-depleted ocean regions have already increased over the last 50–100 years, and are predicted to further expand and intensify (Van Cappellen et al., 2008; Levin, 2018).

The Baltic Sea is an example of a marine region with expanding oxygen depleted waters. It is characterized as a large semi-enclosed and shallow brackish sea affected by deoxygenation, acidification, and anthropogenic nutrient pollution. Over the last 115 years, the Baltic Sea has experienced a severe expansion of oxygen depleted waters, which today cover an area of 12,000–70,000 km2 (Rutgersson et al., 2014; Reusch et al., 2018). Coastal waters of the Baltic Sea are especially prone to increased nutrient pollution causing eutrophication, frequent events of anoxia and hypoxia, and shifts from benthic to pelagic primary production (Carstensen et al., 2014; Rutgersson et al., 2014; Breitburg et al., 2018; Reusch et al., 2018). Different conditions with regard to deoxygenation, acidification and nutrient status have been studied in the various sub-basins of the Baltic Sea, and steep gradients of salinity and overlapping gradients of biologically relevant elements introduce dramatic geographical and seasonal changes of the microbial community (Mašín et al., 2006; Conley et al., 2009; Bentzon-Tilia et al., 2015). Salinity has been described as a driving factor for community shifts in the Baltic Sea, e.g., Actinobacteria dominating low-salinity areas, while high-salinity areas are dominated by Proteobacteria and Bacteroidetes (Dupont et al., 2014). Typically, the Baltic Sea primary producer community is dominated by Diatoms and Dinophytes from March to May and by Cyanobacteria and to a lesser extent by Dinophytes and Chlorophytes from September to October (Stoń et al., 2002; Norbent and Steffen, 2003). In addition, AAP (∼12% of total bacteria) were identified in the Baltic Sea waters (< 50 m), with a maximum in summer and a minimum in winter (Mašín et al., 2006). Due to the combination of climate-related threats, the Baltic Sea has been described as a “time machine” for how future oceans could respond to climate change (Reusch et al., 2018). This makes it an interesting environment to investigate the pattern of microbes and different phototrophs in a future ocean analog, which, especially, in relation to oxygen-depleted areas requires further research.

To address this topic, we studied the spatial pattern of bacterial diversity and abundance in the Baltic Sea, with a specific focus on AP and OP (without eukaryotic algae), using 16S rRNA amplicon sequencing. An oxygen minimum zone (OMZ) was included in our sampling strategy. We also used qPCR targeting specific marker genes of AP and OP (including eukaryotic algae) to detect and compare their diversity and distribution. The most common used marker genes, pufM and bchY, were used for targeting AP. The psbA gene was used for targeting OP. We further used gene expression profiles of psbA and pufM genes (Sharon et al., 2007; Kong et al., 2014; Alcamán-Arias et al., 2018; Fecskeová et al., 2019), as well as carbon fixation rates to understand photosynthesis activity in the different basins of the Baltic Sea. Here, we investigate the spatial pattern of expression of psbA and pufM and compare their roles in different Baltic Sea environments to extend the understanding of how the role of those different groups of phototrophic groups in a changing ocean.



MATERIALS AND METHODS


Environmental Sampling and Processing

Samples were collected during a cruise from Sep. 17th to Sep. 28th, 2019, on the German research vessel RV Alkor (Alkor528). The Baltic Sea water was collected at depths between 3 and 115 m at the following locations: Kiel Fjord (K06), Arkona Basin (AB21, AB31), Bornholm Basin (BB23, BB15, BB08, BB31) and Gotland Basin (GB84, GB90a, GB107, GB108) (Figure 1). The samples were collected with a 10L Niskin bottle rosette water sampler, equipped with a conductivity-temperature-depth (CTD) sensor. pH was measured by the PHM210 standard pH meter (Radiometer Analytical, Meterlab). For Chla analysis, 0.5 L of seawater was collected and immediately filtered through 45 mm GF/F Whatman filters with a pore size of 0.7 μm and stored at −20°C for further later usage. Chla was extracted using 100% acetone from homogenized filters, and clear extracts were analyzed using trilogy laboratory fluorometer (Turner Designs). A serial dilution of a Chla standard (Sigma Aldrich, St Louis, United States) was used to calibrate for the fluorometer. For dissolved inorganic carbon (DIC) analysis, 12 ml water was filled bubble free in 12 ml exetainers, fixed immediately with 20 μl saturated mercury chloride solution and stored at room temperature. The analysis was carried out following the method described in Hall and Aller (1992) with a standard solution of 2 mM NaHCO3. For carbon fixation rates, water samples were filled bubble-free into 2.4 L glass bottles. Subsequently, 1 ml H13CO3 solution (1 g per 50 ml, Sigma-Aldrich, Saint Louis Missouri, United States) was added to each bottle through an air-tight septum and bottles were shaken to mix properly. After 24 h of incubation time in natural light conditions on the ship’s deck, samples were filtered through pre-combusted (450°C, 4–6 h) 45 mm 0.7 GF/F Whatman filters and then stored at −20°C until further analysis. Filters were acidified and dried before analysis on an Elemental Analyzer Flash EA 1112 series (Thermo Fisher) connected to an isotope ratio mass spectrometer (Finnigan Delta Plus XP, Thermo Fisher Scientific). Triplicate samples were measured for Chla, DIC and carbon fixation rates analysis.
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FIGURE 1. Sampling distributions and vertical profiles of temperature, salinity, pH, and concentrations of dissolved oxygen in the Baltic Sea.




Nucleic Acid Extraction, Library Preparation and Sequencing

For DNA and RNA analysis, 0.5–1 L of seawater was collected and immediately filtered onto a 0.22 μm MCE membrane filter (Merck Millipore Ltd., Ireland) and stored at −80°C for 10 months until further analysis. To extract the DNA and RNA, filters were flash-frozen in liquid nitrogen and crushed. DNA and RNA were extracted using the MasterPure Complete (MPC) DNA and RNA Purification Kit (Lucigen, United States), according to the manufacturer’s protocol. Nucleic acids were quality checked on a spectrofluorometer (MySpec, VWR, Radnor, United States). DNase I, Amplification Grade (Invitrogen, Thermo Fisher Scientific, United Kingdom), was used to digest DNA in all RNA samples before further analysis. The purity of RNA was checked via qPCR for pufM and psbA using RNA as a template. No amplification could be detected. Subsequently, cDNA was generated from the DNase I-treated RNA samples following the instructions of the QuantiTect Reverse Transcription Kit (Qiagen, Hilden, Germany). In total, 16 samples of DNA were sequenced using Illumina Miseq sequencing targeting the V1-2 regions of the 16S rRNA, which was amplified using the primer pair 27F (5′→ 3′ AGAGTTTGATCCTGGCTCAG) and 338R (5′→ 3′ TGCTGCCTCCCGTAGGAGT) (Peiffer et al., 2013). After an initial denaturation at 98°C for 30 s, 30 cycles of 98°C for 9 s, 55°C for 60 s, and 72°C for 90 s were run. PCRs were run using a Phusion Hot start II High-Fidelity DNA Polymerase (500U) according to the manufacturer’s instructions with the buffer provided. Library preparations and sequencing was carried out at the Institute for Clinical Molecular Biology (IKMB), University of Kiel (Germany). Sequences were submitted to the National Center for Biotechnology Information GenBank database under the accession number SAMN20309768-SAMN20309783. Bcl2fastq v2.18 (Illumina) was used to perform demultiplexing and adaptor cutting. Subsequently, the raw paired-end reads were put into DADA2 (v1.14.2) (Callahan et al., 2016) in R (R Core Team, 2020) (v 3.6.3) for quality filtering [truncLen = c(240,200), maxEE = c(2,2), truncQ = 2, rm.phix = TRUE], sequence variant calling and taxonomic assignment with SILVA (v138) (Quast et al., 2013).



Statistical and Functional Analysis of 16S rRNA Amplicon Sequencing

An amplicon sequencing variant (ASV) table generated by DADA2 was used for downstream analysis. All reads of 16 samples were rarefied to the lowest final reads among the samples before further analysis. The ampvis2 package (v. 2.6.7) (Andersen et al., 2018) was used to assess the taxonomic richness (Shannon diversity, Observed ASVs) and plot heatmaps. Beta diversity of samples was plotted based on basins and depths using canonical correspondence analysis (CCA) in the ampvis2 package. The oxygen minimum zone (O2 < 0.5 mg L–1) was highlighted in the CCA plot. Distance-based redundancy analysis (db-RDA) was performed to explain the contribution of each environmental factor in driving the whole microbial community with the vegan package (v 2.5–7) (Oksanen et al., 2013). Furthermore, based on the taxonomic ASV table, phototrophic bacteria were extracted and used to compare the spatial distribution between AP and OP. The anoxygenic phototrophic purple bacteria belonging to Proteobacteria were extracted based on groups summarized by Imhoff (Imhoff et al., 2018). However, as many species cannot be diagnosed down to genus and species levels in an ASV table, all the families involving AP were extracted although it may contain non-phototrophic chemotrophs. Therefore, the AP group extracted from microbial community might be overestimated.



Clone Library Construction for pufM, bchY, and psbA Genes

The pufM, bchY and psbA genes were amplified by PCR from environmental DNA samples. The pufM gene was targeted using the primer set pufM-557F and pufM-750R (forward: CGCACCTGGACTGGAC, reverse: CCATGGTCCAGCGCCAGAA), generating a product length of 229 bp (Ahn et al., 2014). The bchY primer set was bchY-F and bchY-R (forward: CCNCARACNATGTGYCCNGCNTTYGG, reverse: GGRTCNRCNGGRAANATYTCNCC), generating a product length of 510 bp (Yutin et al., 2009). The psbA gene was amplified with the primer set psbA-F and psbA-R (forward: GTITTYCARGCIGARCAYAAYATIYTIATGCAYCC, reverse: CCRTTIARRTTRAAIGCCATIGT), resulting in a product length of 344 bp (Kong et al., 2014). The PCR conditions are given in Supplementary Table 1. Each PCR reaction mixture contained 0.25 μl Taq-Polymerase (5 U μl–1), 1μl of each primer (20 pmol μl–1), 5μl dNTPs (2 mM), 5 μl Taq-buffer (10x) and 5 μl MgCl2 (25 mM), 1 μl DNA template, 1 μl BSA and distilled water in a final volume of 50 μl. All PCR products were purified using the E.Z.N.A. gel extraction kit (Omega Bio-Tek, Inc., United States), and then Topo TA cloned (Invitrogen, Life Technologies Grand Islands, NY, United States) Sanger Sequencing was carried out at the Institute for Clinical Molecular Biology (IKMB), University of Kiel (Germany). Trimmed and quality checked nucleotide sequences were aligned with closest references, and maximum likelihood trees were generated using the MEGA-X software (v 10.1.7) with the ClustalW alignment algorithm (Kumar et al., 2018) (Tamura-Nei Model, 500 bootstraps). Clone sequences generated in our study were submitted to the National Center for Biotechnology Information GenBank database and assigned accession numbers (MZ960574 to MZ960756).



Quantitative PCR for pufM and psbA Genes

Quantitative PCR were used to quantify pufM and psbA gene copy numbers (DNA) and gene expression abundance (mRNA). The primers used for pufM and psbA genes were the same set as described in clone library construction. The qPCR conditions for pufM amplification were set as following: an initial step at 95°C for 15 min, followed by 40 cycles of 95°C for 30 s, 58°C for 30 s, 72°C for 30 s. The qPCR conditions for psbA amplification were set as following: an initial step at 95°C for 15 min, followed by 45 cycles of 95°C for 30 s, 50°C for 50 s, 72°C for 50 s. Each qPCR reaction mixture was 25 μl, containing 1 μl of DNA template and 12.5 μl RealQ plus 2 × Master Mix (Amplicon PCR enzymes and reagents, Denmark), 0.5 μl BSA (20 mg ml–1) and 0.25 μl of each primer (20 pmol μl–1) and 10.5 μl distilled water. Known concentrations of plasmids containing pufM or psbA were used to make standard curves. Reactions with no template were running as negative control with each plate. All standards and samples were running in duplicate.



Statistical Analyses

A Pearson correlation test was performed to analyze the correlation between photosynthesis gene abundances, photosynthesis transcript abundances, transcriptional activity, phototrophic abundances in the microbial community and environmental parameters. A one-way ANOVA was performed to analyze the significant difference between AP and OP photosynthesis gene groups. Both methods were conducted using GraphPad Prism (v 9.2.0, GraphPad Software, United States).




RESULTS


Biogeochemistry During the Cruise

Our cruise took place in fall, and depth profiles from the Kiel Fjord, the Arkona Basin, the Bornholm Basin and the Gotland Basin varied between basins (Table 1 and Figure 1). In Kiel Fjord and west of the Arkona Basin, the water temperature and salinity were quite similar across all depths (< 20 m), ranging from 14 to 15°C, and from 18.74 to 25.8 PSU, respectively. From the east of Arkona Basin to the Bornholm and Gotland Basins, salinity was much lower (6.97–18.5 PSU) compared to the Kiel Fjord and west of the Arkona Basin, and it was higher in deep waters than other water depths. In Bornholm and Gotland Basins, water temperatures were generally higher in surface waters (12–15.6°C) and decreased in deeper waters (4–8.8°C). In all stations, dissolved oxygen (DO) profiles were similar, with higher DO level in surface waters comparing to other water depths. Oxygen-depleted waters were observed in the Bornholm Basin, especially at stations BB23 and BB15, with O2 concentrations below 0.4 mg L–1 in subsurface waters (around 65 ∼ 80 m). Chla concentrations were high in waters of the Kiel Fjord (< 20 m), ranging from 2.26 ± 1.31 μg L–1 and 3.39 ± 1.21 μg L–1. Generally, Chla concentrations were higher in surface waters (5 m) and decreased over depth (< 70 m, < 0.01 μg L–1) in Arkona Basin, Bornholm Basin and Gotland Basin. Except for an extremely low data point at a depth of 41 m at station BB15, the carbon fixation rate was similar at depth between 3 and 20 m across all stations, ranging from 0.027 to 0.068 μmol C L–1 d–1.


TABLE 1. Hydrographical profile in one fjord and three different basins of the Baltic Sea.
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Prokaryotic Community Structure

A total of 89 bacterial phyla were identified from all our 16 samples, involving 8 stations of three basins and 1–3 depths in each station (Supplementary Figure 1). Proteobacteria, Actinobacteriota and Bacteroidota dominated the bacterial community in all samples, accounting for 15.9–55.8%, 5.4–36.6%, and 9.9–27%, respectively. Campilobacterota or Desulfobacterota were prominent phyla only in deep waters of GB (32.8–38.2% and 9.5–14.4%, respectively). In contrast, Cyanobacteria were dominant in surface waters (< 8 m) and decreased dramatically to 0.5% in deep waters. In the level of order, except for deep samples from below 85 m, the SAR11 clade belonging to Proteobacteria was the top order in most samples (Figure 2). Flavobacteriales and Microtrichales belonging to Bacteroidota and Actinobacteriota, respectively, were also top orders in many samples (Figure 2). In oxygen depleted waters, especially at station BB23 at 85 m water depth, the dominant orders were substantially different compared to other samples, with Thiomicrospirales representing 15.9%, Rhodospirillales representing 10.6% and the SAR406 clade representing 17.1% (Figure 2).
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FIGURE 2. Percentage of relative abundance based on depth-wise stations of microbial order at three basins in the Baltic Sea.


In terms of the alpha diversity of bacterial communities present in the different samples, there were 167–406 ASVs identified across the three basins (AB, BB, and GB), and the Shannon indices ranged from 3.65 to 4.93 (Table 2). Moreover, the Shannon diversity of samples was low (< 4) in samples from deeper waters (BB23_85 m, GB107_112 m, GB108_115 m). Notably, the highest number of ASVs was observed in oxygen depleted waters (O2 = 0.08 mg L–1, BB15_65 m).


TABLE 2. Physical factors and bacterial diversity estimates for water collected from three basins in the Baltic Sea.

[image: Table 2]
Canonical correspondence analysis (CCA) was used to analyze the beta diversity that separated the samples into abundance-based microbial community composition (Figure 3). Samples were grouped based on water depth, oxygen level, and location. For the profile for water depth and oxygen levels, the samples were grouped into surface water (0–12 m, DO: 7.5–14.4 mg L–1), intermediate water (20–48 m, DO: 5–8.4 mg L–1), OMZ (65–85 m, DO < 0.1 mg L–1) and deep water (112–115 m, DO: 7.7–7.9 mg L–1). The community structure showed substantial differences between OMZ, and deep water, compared to intermediate and surface waters. SAR11 clade and Flavobacteriales were the main groups dominating in surface and intermediate waters (Figure 2). Campilobacterota, Desulfobacterota, and Latescibacterota were only abundant in deep water, while SAR406 clade and Rhodospirillales only dominated in OMZ water. Thiomicrospirales was in a high abundance both in OMZ and deep water. The community structure differed less between surface and intermediate water samples, of which the abundances of Microtrichales, Frankiales and Synechococcales differed mostly. Using an dbRDA-based biplot, depth and oxygen concentration showed a significant impact on the microbial community structure and distribution (Figure 4). Likewise, salinity and temperature were strongly related to changes in the microbial community structure. Overall, 40% of variation in community structure could be constrained by these four variables.
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FIGURE 3. Canonical correspondence analysis (CCA) plot depicting microbial composition from four groups of water areas (surface; intermediate; OMZ; deep) across three basins (AB, BB, and GB) in the Baltic Sea.
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FIGURE 4. db-RDA biplot of environmental variables and microbial community in different samples. Different samples and environmental variables are plotted on RDA axes 1 and 2. Arrows denote biplot scores for the different constraining environmental variables.




Phototrophic Bacterial Community

We found similar relative abundances of AP and OP (Cyanobacteria) in all 16 amplicon datasets, with AP representing 1.58–18.11% (6.47% on average) and OP representing 0.47–20.18% (8.29% on average, Figure 5). OP outnumbered AP in surface waters shallower than 8 m, while AP were more abundant in waters below 8 m. Relative abundances of OP decreased from 16.04% ± 3.48% in surface waters to 4.77% ± 3.76% in waters below (< 8 m). Relative AP abundances did not vary only with depth but also along the cruise track with higher abundances in the Arkona Basin (11.21% ± 6.2%), followed by the Bornholm Basin (5.04% ± 1.3%), and the Gotland Basin (4.68% ± 2.37%). These different distributions may be due to their different adaptation to their environmental surroundings. OP abundances were negatively correlated with depth and positively correlated oxygen, and temperature, while AP abundances were positively correlated with salinity (Table 3).
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FIGURE 5. Relative abundance of AP and OP (Cyanobacteria) in microbial community in the Baltic Sea.



TABLE 3. Pearson correlations of the gene abundance, transcript abundance, and transcriptional activity of pufM and psbA with environmental variables, carbon fixation rate, and OP or AP abundance in microbial community.
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The phototrophic bacterial community consisted mainly of three phyla, including OP-Cyanobacteria, AP-Proteobacteria and AP-Chloroflexota (Figure 6). In the AP community, Rhodobacterales which belong to Alphaproteobacteria was the main order out of 10, representing 1.14–16.89% of the total bacteria. The rest of Proteobacteria accounted for 0.06–1.70%, this includes Alphaproteobacteria (Rhodospirillales, Rhizobiales, Sphingomonadales, and Caulobacterales), Betaproteobacteria (Burkholderiales), and Gammaproteobacteria (Chromatiales, Cellvibrionales, and Methylococcales). We further found Chloroflexales as the only order in Chloroflexota, with an abundance of less than 0.34%. For the OP community, Synechococcales was the dominant order among six orders, representing 0.47–15.66%. Chloroplasts was also shown with a relative abundance of up to 3.1% in upper layers (< 12 m). The rest of OP accounted only for less than 1.78% of total bacteria except the unclassified Cyanobacteria, including Caenarcaniphilales, Vampirovibrionales, and Cyanobacteriales. It has to be noted that Caenarcaniphilales and Vampirovibrionales are non-photosynthetic Cyanobacteria (Soo et al., 2014, 2015). Generally, it is important to mention that a family-level description of the AP community based on 16S rRNA amplicon sequencing might include non-photosynthetic strains imposing a methodological limitation on this type of analysis (Kasalický et al., 2018). Therefore, we complemented our 16S rRNA-based approach with an analysis of functional genes of photosynthesis to clearly identify representatives of the AP and OP community.
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FIGURE 6. Percentage of various AP and OP (Cyanobacteria) in the microbial community in the Baltic Sea. * Means non-phototrophic Cyanobacteria.




Diversity of Anoxygenic Phototrophs and Oxygenic Phototrophs Obtained From Photosynthetic Marker Genes

OP belonging to nine groups were detected by psbA (Figure 7 and Supplementary Figure 2, 62 sequences in total). Besides uncultured organisms and uncultured cyanophages (19.4% each), the majority of psbA sequences belonged to Chlorophyta (green algae, 32.3%), and Cyanobacteria (17.7%). The rest of psbA sequences was affiliated with Diatoms (9.7%) and Cryptomonads (1.6%).
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FIGURE 7. Taxonomic composition of all samples based on three marker genes targeted sequences, pufM, bchY, psbA.


In the AP community, phototrophic Proteobacteria was the only phyla that was detected by both bchY and pufM with 38 and 78 sequences in total, respectively (Figure 7 and Supplementary Figures 3, 4). We recovered a majority of uncultured Proteobacteria in both bchY and pufM sequence pools (57.9 and 48.7%). Among the characterizable sequences, a majority of bchY and pufM (31.6 and 24.4%) were affiliated with Alphaproteobacteria, with highest similarity to Rhodobacterales (15.8 and 17.9%). The rest of bchY sequences that were affiliated with Alphaproteobacteria belonged to Rhizobiales (15.8%). pufM sequences were affiliated with other Alphaproteobacteria, with 2.6, 2.6, and 1.3% belonging to the orders Sphingomonadales, Rhizobiales and Rhodospirillales, respectively. Further, we found bchY and pufM sequences affiliated with Betaproteobacteria, all belonging to Burkholderiales (10.5 and 11.5% in each). In addition, 15.4% of pufM sequences were affiliated with Gammaproteobacteria, belonging to Chromatiales.

A characterization of AP groups using pufM showed variations between surface waters (0–20 m), mixed layer (29–50 m) and deeper waters (50–115 m). The highest diversities of AP-pufM were found in the mixed layer, with 57 sequences belonging to 6 groups and the majority belonging to Rhodobacterales expect for uncultured Proteobacteria (Figure 8 and Supplementary Figure 5). Substantially less sequences could be recovered from surface and deep water samples, with only 7 and 19 sequences, respectively (Supplementary Figures 6, 7).
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FIGURE 8. Taxonomic composition of three group of samples that collected from three depth profiles (0–20, 20–50, 50–115 m) based on pufM marker genes targeted sequences.




Abundance and Activity of Anoxygenic Phototrophs and Oxygenic Phototrophs

We explored the abundance and activity of AP and OP in the Baltic Sea using pufM and psbA relative gene abundances and transcript abundances (gene expression). The activity of OP was also explored using psbA transcriptional activity, which was estimated by the ratio of psbA in transcript abundance vs. gene abundance. The abundance of AP varied from 5.84*104 ± 2.06*104 to 3.72*107 ± 1.83*107 pufM gene copies L–1, with an exceptionally high abundance of 6.39*109 ± 3.55*109 pufM gene copies L–1 in the depth of 10 m in K06, and the abundance of OP varied from 5.13*105 ± 1.18*105 to 4.23 *108 ± 7.45*107 psbA gene copies L–1 (Figures 9, 10). The spatial distribution patterns of pufM and psbA relative gene abundances were similar, with highest abundances present in surface waters of station K06 and lowest abundances present in the deep waters of station GB108. Both, pufM and psbA relative gene abundances were frequently higher in surface waters and in the mixed layer (< 45 m), comparing to samples from deeper waters (Figures 11A,B). This was coherent with the Pearson correlation output, which showed the psbA gene abundance was positively correlated with the pufM gene abundance (Table 3). Similar to the vertical distribution of psbA gene abundance, psbA transcript abundance was higher in surface and mixed layer waters than in deeper waters, ranging from 2.2*105 ± 2.05*104 to 1.07*108 ± 1.21*107copies L–1 (Figures 10, 11C). Consequently, psbA transcriptional activity was similar across the basins and depths except for the Kiel Fjord (Figure 11D). For the pufM transcript abundance, however, only 5 samples out of 23 samples could be detected in the detection range of RT-qPCR. These five samples were from surface and mixed layer water (< 45 m), with highest pufM transcript abundance at 3.07*104 ± 5.3*103 copies L–1 in 45 m of GB108 station. Even this highest pufM transcript abundance was still around 1–4 orders of magnitude lower than psbA. Therefore, in general, the gene abundance and transcript abundance of psbA is higher than of pufM, except the extremely high gene abundance of pufM at station K06 (Figure 12).
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FIGURE 9. Spatial distribution patterns of gene copy number (DNA) of the AP photosynthetic gene, pufM.
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FIGURE 10. Spatial distribution patterns of gene copy number (DNA) and transcript (mRNA) abundance of the OP photosynthetic gene, psbA.
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FIGURE 11. (A,B) Spatial distribution of gene copy number (DNA) of the AP and OP photosynthetic gene (pufM and psbA, respectively), (C) spatial distribution of transcript (mRNA) abundance of the OP photosynthetic gene (psbA), (D) transcriptional activity of psbA expressed as the ratio of mRNA to DNA.
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FIGURE 12. Gene abundance of anoxygenic photosynthesis (AP, pufM) and OP photosystem-II (OP-PSII, psbA) in 49 samples. Note: the pufM gene copy number in KO6_5 m is around 6.39*109copies L–1, which is not shown in the figure. * Means the significant difference between two groups (p < 0.05).


Overall, when considering all the environmental variables and carbon fixation rates, psbA gene abundance and psbA transcript abundances were negatively correlated with depth, and positively correlated with temperature (Table 3). PsbA gene abundance and AP abundance in the microbial community were positively correlated with salinity. Furthermore, OP-Cyanobacteria abundance in microbial community were all positively correlated with oxygen. In addition, psbA gene abundance was positively correlated with OP-Cyanobacteria abundance in the microbial community.




DISCUSSION

The Baltic Sea has been described as a time machine for the future coastal ocean due to its early history of multi-stressor disturbance related to climate change, such as warming waters, expanding of oxygen-depleted areas, acidification, nutrient pollution (Reusch et al., 2018). Previous studies have shown how some of these ambient factors impact the distribution of microbes (Herlemann et al., 2016; Lindh and Pinhassi, 2018). However, effects of these ambient factors on the Baltic Sea on microbial phototrophic groups, including both OP and AP, have not been explored systematically. Understanding the factors that drive the relative distribution and activity of OP and AP is, however, important as these functional groups use light as energy source and contribute to carbon flow and oxygen dynamics.


Hydrochemical Conditions in the Baltic Sea

Stratified patterns of temperature, salinity and pH were clearly observed during our cruise, representing a typical situation in the Baltic Sea (Table 1 and Figure 1). Oxygen depletion is typically caused by benthic processes in the Baltic Sea, and anoxic waters continuously occurred and expanded over the last 100 years, which especially strong in summer due to stratification of water column (Koskinen et al., 2011; Reusch et al., 2018).



Bacterial Communities and Driving Factors

Dominant microbial groups play important roles in the biogeochemical cycles in the ocean, such as the uptake of dissolved organic materials (Kirchman, 2002) or nitrogen fixation (Farnelid et al., 2013). Their roles and interactions could change in different environments due to their diverse metabolisms (Thureborn et al., 2013; Broman et al., 2017). Our data show a high proportion of SAR11 bacteria in both oxic and anoxic waters in the upper and mixed water column (< 65 m), but not in deep waters (> 85 m) (Figure 2). The role of SAR11 in oxic waters is mainly related to aerobic organic carbon oxidation. However in anoxic waters, it is linked to the loss of nitrogen (Tsementzi et al., 2016). Due to the requirement of an unusual range of nutrients, the biochemical interactions between SAR11 and other plankton is complex (Giovannoni, 2017). This may lead to the extremely low abundance of SAR11 in deep waters, where the community composition radically changed. SAR406, Thiomicrospirales and Rhodospirillales, dominated in deep anoxic waters (Figure 2); those are groups with anaerobic or microaerophilic metabolisms (Pajares et al., 2020). In the deep and oxic Gotland Basin, high relative abundances of the sulfur-oxidizing Campylobacterales and the sulfate-reducing Desulfobacterota (Supplementary Figure 1) may suggest the possible occurrence of H2S in the deeper water column or sediment (Koskinen et al., 2011; Adam and Perner, 2018), which was detected below the depth of 140 m in previous studies (Salka et al., 2008). Flavobacteriales reached a relatively high abundance in all the samples (Figure 2), and, as those microbes can hydrolyze organic material from diverse sources, they are key for various carbon transformations (Thureborn et al., 2013).

Despite the variability of water conditions in the different basins, the pattern of microbial community along depth gradients was much clearer than with latitudinal gradients (Figure 3). The same phenomenon was also observed in the northern Baltic Sea (Gulf of Finland), in which pelagic samples clustered based on sampling depth instead of sampling site (Koskinen et al., 2011). In addition, temperature, salinity, and dissolved oxygen were significant in shaping the bacterial communities in the Baltic Sea (Figure 4). Previous studies have shown that salinity, temperature and seasonal differences (between July and February) were key factors shaping the bacterial community in the Baltic Sea, with a stronger impact of salinity (Herlemann et al., 2011, 2016). Dissolved oxygen was considered a crucial factor influencing microbial community composition in other OMZs, such as the Arabian Sea and the Gulf of Finland of the Baltic Sea (Koskinen et al., 2011; Fernandes et al., 2020). The dominant groups in other OMZs were, however, different, for example, SAR11 was present in high abundance in the OMZ of the Arabian Sea, the tropical Mexican Pacific, and in this study, but not in the Gulf of Finland of the Baltic Sea. SAR 406 and Thiomicrospirales abundant in the OMZ during this study and in the tropical Mexican Pacific were not abundant or even present in the other two OMZs (Koskinen et al., 2011; Fernandes et al., 2020; Pajares et al., 2020).

The highest diversity of microbial ASVs occurred in anoxic waters during our study (Table 2). A similar observation was made before in the Mexican Pacific, where a higher microbial diversity was detected in the oxygen minimum zone than in the euphotic zone (Pajares et al., 2020). A possible explanation might be that multiple electron acceptors could be used for microbial respiration, which increases the niche availability at anoxic conditions. In oxic waters, however, oxygen is mainly utilized and not restricted, resulting in a relatively lower niche availability (Stevens and Ulloa, 2008).



Distribution and Diversity of Anoxygenic Phototrophs and Oxygenic Phototrophs

The diversity of AP was mostly consistent between both, 16S rRNA amplicon sequencing and pufM or bchY marker gene analyses (Figure 6 and Supplementary Figures 3, 4). Rhodobacterales, belonging to Alphaproteobacteria, have been shown to be the major group both in abundance and diversity (Figures 6, 7). Five other orders of AP, including Rhizobiales and Burkholderiales, were recovered by both methods. Four more orders of AP including Chloroflexales and Cellvibrionales were observed only by 16S rRNA amplicon sequencing. Some groups could taxonomically not be identified, possibly due to the lack of specific corresponding references in the database. The composition of AP was coherent with the previous study that investigated using pufM marker gene in four basins (< 40 m) of the Baltic Sea, which found the major group belonging to Rhodobacterales and the rest of them to Gammaproteobacteria (Salka et al., 2008). On the other hand, although pufM has been widely used to represent the abundance of AP, our data show that there was no significant correlation between the AP abundance in the microbial community based on 16S rRNA sequencing and pufM gene abundance (Table 3, p = 0.679). This may be due to the limitation of each technique, such as the primer bias of the real-time PCR (Yutin et al., 2005), a potentially unprecise affiliation caused by exporting short genomic regions and a bias of universal primers (Cariou et al., 2018). Also, an explanation could be a potential presence of multiple gene copies within one cell as found in a number of Cyanobacteria (Golden et al., 1986). The pufM gene abundance, ranging mostly from 104 to 107 copies L–1 (Figure 9), was a bit lower than in other previous studies conducted on the east coast of Australia and in subtropical karst catchments of southwest of China (Bibiloni-Isaksson et al., 2016; Li et al., 2017), where they were typically found ranging from 105 to 108 copies L–1.

Compared to AP diversity, the diversity of OP was higher, including eukaryotic algae, and Cyanobacteria (Figures 6, 7). In addition, Cyanophages were found by targeting the psbA photosynthesis gene (Figure 7 and Supplementary Figure 2), and Cyanophage photosynthesis genes were suggested to help support its host’s photosynthesis activity during its process of infection (Sharon et al., 2007). Although psbA gene abundance included not only Cyanobacteria but also eukaryotic algae and other groups, the abundance of Cyanobacteria in the microbial community (%) and OP-psbA were significantly correlated (Table 3, r = 0.791, p < 0.001). This indicated that either the distribution patterns of these OP groups were quite similar, or Cyanobacteria might be a dominant group in the OP pool. Some earlier studies used microscopy to investigate the abundance of either Cyanobacteria or specific eukaryotic algae groups, such as Diatoms and Dinoflagellates, mainly focusing on the surface waters of the Baltic Sea (Norbent and Steffen, 2003; Mašín et al., 2006; Salka et al., 2008; Camarena-Gómez et al., 2021). Those studies showed that Diatoms were the dominant group in phytoplankton spring bloom communities (Camarena-Gómez et al., 2021), and Synechococcus occurred in a high relative abundance in the surface water during summer time in the Baltic Sea (Herlemann et al., 2016). Previous studies have shown that Cyanobacterial blooms occurred almost every summer in the Baltic Sea, and the dominant species were Nodularia spumigena, Aphanizomenon flos-aquae, and Anabaena app., belonging to the order Nostocales (Vahtera et al., 2007; Kahru et al., 2020). The sampling time of our study was in September, and the summer blooms had already passed. But we still detected some of the typical bloom species, such as Nodularia spumigena, Aphanizomenon flos-aquae, and different Diatoms (Supplementary Figure 2). In addition to these species, other oxygenic phototrophs may also bloom as the Baltic Sea harbors a diversity of OP groups (Supplementary Figure 2), including Chlorophyta. Our study was the first investigating all OP groups and comparing their abundance and composition to AP using both 16S rRNA amplicon sequencing and photosynthesis marker genes in various depth profiles of the Baltic Sea.



Environmental Factors Impacting the Distribution and Activity of Anoxygenic Phototrophs and Oxygenic Phototrophs

Due to the metabolic dependence on light, both AP and OP are mostly detected in the photic zone, which is typically shallow in the Baltic Sea, reaching water depths of 20–30 m (Wasmund and Siegel, 2008). Several studies have shown that AP were more abundant in the mixed layer than in surface and deep waters, and different groups of OP preferred to be in surface layer, especially Synechococcus (Sieracki et al., 2006; Zhang and Jiao, 2007; Hojerová et al., 2011; Bibiloni-Isaksson et al., 2016). In line with this, the abundance of AP was found to have a maximum between 20 and 40 m also in the Mediterranean Sea (Hojerová et al., 2011). Also in the coastal waters of Australia, AP abundances were higher at depths between 20 and 50 m than at depth between 0 and 20 m and declined considerably below 50 m water depth (Bibiloni-Isaksson et al., 2016). In the Sargasso Sea, the maximum of AP abundance occurred from 15 to 60 m, with lower abundance in surface and deep waters, while OP groups—Synechococcus, Prochlorococcus and other eukaryotes—were most abundant at the surface, at 60 and 30 m (Sieracki et al., 2006). A similar pattern was observed in the east China Sea, with the OP components (Synechococcus, Prochlorococcus, and pico-sized eukaryotes) peaking in surface waters and AP peaking between 42 and 76 m (Zhang and Jiao, 2007). Our study also showed that OP-Cyanobacteria abundance was much higher than AP in surface waters shallower than 8 m, while the pattern was inverted below 8 m (Figure 5). Nevertheless, when comparing the specific marker gene abundance of OP and AP, OP-psbA gene abundance was higher than AP-pufM gene abundance in most samples (Figure 12), and both were higher in the photic zone than in deep water (Figures 11A,B). This was coherent with a previous study using metagenomic sequencing on samples from the mixed layer between 5 and 40 m at coastal stations of the San Pedro Channel in the Pacific Ocean, which showed the normalized abundance of OP (psaA) was 2 –3 times higher than AP (pufM) (Sieradzki et al., 2018). However, in surface waters of the South-Eastern Mediterranean Sea, the normalized abundance of OP-psaA, ranging from 2.4 to 14.2%, was not significantly different with AP-pufM, ranging from 3.5 to 10.4%, within the metagenomic database, even though the abundance of OP was much higher than AP as determined by epifluorescence microscopy (Dubinsky et al., 2017). The difference between those studies may be due to the different sampling depths, seasons, and environmental surroundings. Our data showed that depth had a significant impact on OP-Cyanobacteria and OP-psbA gene abundance (Table 3), and one of the main reasons could be light availability (Michelou et al., 2007). Several studies have shown that there was a significant positive correlation between AP abundance and chlorophyll (Jiao et al., 2007; Hojerová et al., 2011). Although our data did not have enough samples to analyze the precise correlation between Chla and AP abundance, the strong correlation (Table 3, r = 0.572, p < 0.001) between OP-psbA and AP-pufM gene abundances could indicate that the niche of AP was connected to OP, in more productive regions or shelf waters (Cottrell et al., 2006; Sieracki et al., 2006). OP community is the key group of contributor to primary productivity (Raven, 2009). Our data, however, did not indicate any solid correlation between OP photosynthesis gene abundances and carbon fixation rates in the seawater (Table 3), which might be due to the incomparability of gene abundance to activity in terms of rates. Another reason might be an insufficient sample size for carbon fixation rates. Further, as our sampling time was in September, it fell into a period with low primary productivity and might therefore not be fully representative.

Our DNA-based studies showed a detailed picture of the phototrophic community, but information about their activity remains elusive. Therefore, it is important to examine not only existence or abundance of the functional genes, but also gene expression. However, RNA-based studies exploring photosynthetic gene activity are rare. Data on the comparison of OP and AP gene expressions is even less available, and only found in a few metatranscriptomic studies (Vila-Costa et al., 2013; Sieradzki et al., 2018; Linz et al., 2020). The above mentioned study conducted in the San Pedro Channel in the Pacific Ocean showed the AP-pufM transcriptional activity (RNA: DNA ratio) was significantly lower than OP-psaA (Sieradzki et al., 2018). Our data show a similar pattern, with even the highest AP-pufM transcript abundance across all the samples still much lower than OP-psbA. The low level of pufM gene expression could be due to both the low gene abundance and the sampling time. It has been shown that the gene expressions of the puf cluster occurs mostly at night (Voget et al., 2015; Fecskeová et al., 2019) and our samples were all collected during daytime. During the daytime, light exposure could cause repression of photosynthesis gene expression, as shown for several AP species, e.g., Roseobacter denitrificans and Dinoroseobacter shibae (Nishimura et al., 1996; Tomasch et al., 2011). It is worth mentioning that in a recent diel study using metatranscriptomics, AP photosynthesis gene expression peaked during the night, while OP photosynthesis gene expression peaked during the day (Linz et al., 2020). The depth profiles of OP-psbA gene expression could also mainly be due to its gene abundances, as psbA transcript abundance was significantly related to psbA gene abundance (r = 0.727, p < 0.0001) (Table 3).

Not only light, but also factors, such as salinity, temperature, and nutrient status, have been explored as possible factors regulating the abundance and activity of OP and AP. In the Baltic Sea, water temperature was positively related to the blooming of both Cyanobacteria and filamentous algal species, especially green algae (Takolander et al., 2017; Kahru et al., 2020). For specific cyanobacterial species, e.g., Synechococcus sp., temperature was positively correlated to their psbA gene abundance under N-repleted conditions (Fernández-González et al., 2020). Our data also indicated that OP group in the Baltic Sea had a strong and positive correlation with temperature in the range between 4 and 16°C (Table 3). Furthermore, we found that OP photosynthetic metabolism is more active at warmer temperatures. On the other hand, seasonal studies showed temperature to also have a positive impact on AP abundance in seawater (Lamy et al., 2011; Ferrera et al., 2014; Auladell et al., 2019). A study about spatial distribution of AP conducted in the northwest Atlantic suggested low temperature may limit AP cell abundances, with a threshold at below 6°C and above 10°C (Sieracki et al., 2006). A recent microcosm study showed higher temperatures can enhance the net growth rate of AP by comparing three temperatures, 10, 20, and 30°C (Sato-Takabe et al., 2019). However, our data do not show a significant connection between temperature and AP-pufM abundance (Table 3, r = 0.143, p = 0.328). This inconsistency may be because of the differences of temperature range and grazers impacting the AP community. Ocean acidification has an impact on the abundance of both OP and AP groups (Sala et al., 2016; Li et al., 2017), and its impact related to the nutrient status. The available data points from the present study do not allow for a more precise investigation of the correlation between pH or DIC and AP or OP groups (Table 3).

On the other hand, abundance of OP groups, including phototrophic picoplankton and Cyanobacteria, were found to be strongly correlated with salinity in various areas (Šantić et al., 2017; Auladell et al., 2019). Our data also found that OP, but not OP-Cyanobacteria, showed a significantly positive correlation with salinity (Table 3). OP photosynthetic activity, however, does not have a strong correlation with salinity. Nonetheless, OP-Cyanobacteria preferred to live in higher oxygen waters (Table 3). However, DO did not have significant positive impacts on both OP (with eukaryotic algae) (p = 0.719) and AP (p = 0.947) communities, and OP photosynthetic activity (p = 0.09) (Table 3). Although there might be different demands for oxygen between OP and AP, and OP but not AP produce oxygen while they carry out photosynthesis, DO did not seem to be a key factor for phototrophic abundance and activity. Therefore, both OP and AP may not be negatively impacted by oxygen-depleted waters expanding in the Baltic Sea but might even benefit from an expanding niche. This suggestion has, however, a limitation as we did not cover the full oxygen range in our sampling and could therefore have missed a threshold in the low oxygen to anoxic range.




CONCLUSION

This study provides important insights for understanding the distribution and structure of both the microbial community and phototrophs, especially focusing on the comparison of the distribution and activity of AP and OP in the Baltic Sea which is exposed to multiple climate-related threats. Microbial community assemblages were correlated with environmental factors such as salinity, temperature, oxygen, and depth. Different dominant microbial groups were observed in the OMZ, deep, and surface and intermediate waters.

Both, AP and OP, displayed a high diversity. OP groups, including Eukaryotic algae and Cyanobacteria, were more abundant than AP in most areas. OP photosynthesis was quite active crossing all stations, while most AP photosynthesis cannot be detected that might be due to the daytime of sampling. Both OP (only Cyanobacteria) and OP (with Eukaryotic algae) preferred to live in higher temperature and upper waters, but Cyanobacteria had another preference of oxic water, while the whole OP community preferred to live in higher salinity area. AP did not show any significant physico-chemical preference but prefer to live with OP community. OP showed more photosynthesis activity in higher temperature and upper waters. As the changing Baltic Sea will see higher temperatures, lower salinity, expanding of deoxygenation, and other problems, this study could help to interpret how these phototrophic groups might shift in distribution and activity in a long-term analog.
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m)






OPS/images/fmars-08-773210-t002.jpg
Sampling Measuring Temperature Sanility (PSU) Dissolve Final reads ASVs (after Shannon (H)

station water depth (°C) oxygen (mg (assigned rarefying (after

(m) L) taxonomy) samples) rarefying

samples)
AB31 12 14.539 24.22 6.99 18,886 219 4.544
AB21 4 15.506 9.2 12.96 12,818 243 4.604
AB21 12 15.641 9.48 8.03 29,286 363 4.929
AB21 42 15.357 18.5 7.46 16,513 266 4.601
BB08 5 13.267 8.27 14.37 15,114 199 4.253
BB15 7 14.965 8.23 9.66 31,990 279 4.443
BB15 41 7.129 9.72 5.02 32,057 351 4.924
BB15 65 8.281 16.82 0.08 36,585 406 4.830
BB23 4 16.528 8.14 9.39 11,984 182 4.294
BB23 48 7.448 10.56 6.68 20,267 269 4.636
BB23 85 8.577 17.95 0.04 4,931 167 3.900
GB84 29 11.497 7.74 6.93 16,782 255 4.628
GB107 8 14 7.02 13.8 24,958 260 4.614
GB107 40 5.006 7.93 8.43 17,906 298 4.827
GB107 112 7.108 12.92 7.74 18,790 293 3.933

GB108 115 7.189 12.97 7.92 15,971 276 3.653
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Measurement pufM gene psbA gene psbA psbA OP AP
(copies L) (copies L) transcript transcrip- abundance in abundance in
n=49 n=49 (copies L™1) tional activity microbial microbial
n=23 n=23 community community
(%), n =16 (%), n =16
Depth r=-0.134 r =-0.395 r =-0.600 r=0.236 r =-0.760 r=-0.150

p =0.360 p = 0.005 P =0.003 p=0.278 p < 0.001 p=0.579
Temperature (°C) r=0.143 r=0.391 r =0.536 r=-0.010 r=0.573 r=0.300

p=0.328 p = 0.005 p =0.008 p = 0.965 p =0.020 p =0.265
Salinity (PSU) r=0.192 r=0.303 r=0.234 r=0.031 r=-0.362 r =0.677

p=0.187 p = 0.034 p=0.283 p =0.887 p=0.182 p = 0.004
Dissolved oxygen (mg L=") r=-0.010 r=0.053 r=0.330 r=0.362 r =0.688 r=-0.204

p=0.947 p=0.719 p=0.124 p = 0.090 p =0.003 p =0.449
DIC, n = 18 for gene (mM) r=0.056 r=0.061 - - - -

p=0.826 p =0.809 - - - -
pH,n =18 r=0.224 r=0.352 - - - -

p=0.371 p=0.152 - - - -
Carbon fixation rate, n = 15 r=-0.273 r=-0.333 e - = &
(wmolC L= d= 1)

p=0325 p=0.226 - - - -
Chla,n=4 (mgL™") r=0.054 p=0013 - - - -

p =0.946 r=0.987 - - = =
pufM gene (copies L= 1) - r=0.572 - - - r=-0.100
n=49

— p < 0.001 — e - p=0718
psbA gene (copies L) - - - - r=0.791 -
n=49

- - — - p < 0.001 -
PSbA transcript (copies = r=0.727 — = - =
L-")n=23

= p < 0.0001 = = _ _

n means number of samples used for analyzing. Bold values mean the Pearson correlation is significant (p < 0.05).





