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Marine picocyanobacteria are ubiquitous primary producers across the world’s oceans, and play a key role in the global carbon cycle. Recent evidence stemming from in situ investigations have shown that picocyanobacteria are able to sink out of the euphotic zone to depth, which has traditionally been associated with larger, mineral ballasted cells. The mechanisms behind the sinking of picocyanobacteria remain a point of contention, given that they are too small to sink on their own. To gain a mechanistic understanding of the potential role of picocyanobacteria in carbon export, we tested their ability to form “suspended” (5–60 μm) and “visible” (ca. > 0.1 mm) aggregates, as well as their production of transparent exopolymer particles (TEP)—which are a key component in the formation of marine aggregates. Additionally, we investigated if interactions with heterotrophic bacteria play a role in TEP production and aggregation in Prochlorococcus and Synechococcus by comparing xenic and axenic cultures. We observed TEP production and aggregation in batch cultures of axenic Synechococcus, but not in axenic Prochlorococcus. Heterotrophic bacteria enhanced TEP production as well as suspended and visible aggregate formation in Prochlorococcus, while in Synechococcus, aggregation was enhanced with no changes in TEP. Aggregation experiments using a natural plankton community dominated by picocyanobacteria resulted in aggregation only in the presence of the ballasting mineral kaolinite, and only when Synechococcus were in their highest seasonal abundance. Our results point to a different export potential between the two picocyanobacteria, which may be mediated by interactions with heterotrophic bacteria and presence of ballasting minerals. Further studies are needed to clarify the mechanistic role of bacteria in TEP production and aggregation of these picocyanobacteria.
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INTRODUCTION

The export of particulate organic carbon (POC) to ocean depth, a primary component of the marine carbon cycle, occurs in the form of sinking particles composed of aggregates of phytoplankton, bacteria, detritus, and inorganic matter. Marine picocyanobacteria of the genera Prochlorococcus and Synechococcus are the most abundant primary producers on Earth (Scanlan et al., 2009) and contribute up to 60% of the total phytoplankton carbon in oligotrophic open ocean regions (Durand et al., 2001). While they often co-occur, they have adapted to different ecological and biogeochemical conditions. Synechococcus are widespread in all marine environments from high latitudes to the tropics, and are more abundant in nutrient-rich than oligotrophic environments (Partensky et al., 1999). Prochlorococcus, despite their narrower geographical distribution, are more abundant in oligotrophic regions compared to Synechococcus (Partensky et al., 1999; Flombaum et al., 2013). The contribution of Prochlorococcus and Synechococcus to POC export remains unsettled due to their slow sinking rates as a result of their small size and lack of natural ballasting minerals (Michaels and Silver, 1988). Research in the past decade have suggested the importance of picophytoplankton (<2 μm), including picocyanobacteria, in carbon export, especially in oligotrophic ocean regions (Richardson and Jackson, 2007; Brew et al., 2009; Lomas and Moran, 2011; Amacher et al., 2013; Guidi et al., 2016; De Martini et al., 2018). At the Bermuda Atlantic Time-Series Study (BATS) site, located in the oligotrophic Northwestern Sargasso Sea, Synechococcus was overrepresented in sinking particles compared to the water column, while the opposite was observed for Prochlorococcus (Amacher et al., 2013), suggesting a differential contribution from these two picocyanobacteria to POC flux. The differential contribution of these two picocyanobacteria to POC flux was quantitatively confirmed by De Martini et al. (2018).

Sinking aggregates develop within a matrix of sticky organic substances known as transparent exopolymer particles (TEP). TEP are a class of exopolymers rich in acidic polysaccharides that form biotically or abiotically by exudation or coagulation of exopolymeric precursors (exopolymeric substances, EPS) (Alldredge et al., 1993; Passow and Alldredge, 1994). TEP production has been reported in large (>5 μm) species of diatoms (Fukao et al., 2012; Chen and Thornton, 2015), coccolithophores (Claquin et al., 2008; Van Oostende et al., 2013), as well as in filamentous and colonial cyanobacteria (Berman-Frank et al., 2007; Sohm et al., 2011; Pannard et al., 2016). Additionally, recent studies report marine Synechococcus as significant sources of TEP in various ocean regions (Ortega-Retuerta et al., 2019; Zamanillo et al., 2019), and Prochlorococcus to produce TEP in xenic batch cultures (Iuculano et al., 2017). Indeed, TEP production and subsequent aggregation with surrounding cells and inorganic particles are mechanisms for small phytoplankton to increase their effective size, density, and enhance their potential to sink to ocean depth (Burd and Jackson, 2009). Therefore, physical aggregation with surrounding cells and inorganic ballasting minerals is hypothesized as a pathway for the export of picophytoplankton cells beyond the euphotic zone (Richardson and Jackson, 2007; Richardson, 2019). Axenic batch cultures of Synechococcus produce TEP (Deng et al., 2016) and form sinking aggregates with the addition of kaolinite clay (Deng et al., 2015). Lithogenic clays, such as kaolinite, that are sourced from continental weathering and supplied to the oceans by long-range aeolic transport (Tosca et al., 2010), are commonly used for testing the role of ballasting minerals in phytoplankton aggregation (Hamm, 2002; Verspagen et al., 2006; Deng et al., 2015). Whether aggregation is also observed in Prochlorococcus, however, is still in question. To explain observations suggesting a differential contribution of Synechococcus and Prochlorococcus to POC flux, controlled laboratory studies are needed to test the potential mechanisms behind the export of these ubiquitous picocyanobacteria.

Although phytoplankton are known to be the most significant source of TEP, bacteria can also release TEP and/or its EPS precursors (Stoderegger and Herndl, 1999; Cho et al., 2004; Radić et al., 2006; Ortega-Retuerta et al., 2010, 2019). Furthermore, in contrast to EPS produced by phytoplankton (Hoagland et al., 1993; Bhaskar and Bhosle, 2005), the EPS produced by bacteria is higher in uronic acids, which make the surrounding environment, such as neighboring cells, more reactive with other surfaces (i.e., stickier) (Majumdar et al., 1999; Bhaskar and Bhosle, 2005). Thus, interactions between phytoplankton and bacteria can play a significant role in the formation and characteristics of sinking phytoplankton aggregates, controlling the fate of fixed carbon in aquatic ecosystems (Azam et al., 1994; Simon et al., 2002). While the influence of heterotrophic bacteria in diatom and coccolithophorid TEP exudation and aggregation has been studied (Grossart et al., 2006a,b; Gärdes et al., 2011; 2012; Van Oostende et al., 2013), their role in TEP production and aggregation in picophytoplankton, such as the globally-abundant picocyanobacteria, remains unknown.

We hypothesized that heterotrophic bacteria enhance the aggregation of marine Prochlorococcus and Synechococcus by influencing the production of TEP. We also hypothesized that Prochlorococcus have a lesser potential to form sinking aggregates compared to Synechococcus, even with the addition of ballasting minerals. To test these hypotheses, we monitored TEP production and aggregation throughout the growth of xenic and axenic cultures of Prochlorococcus and Synechococcus, and also tested their potential to form aggregates in a natural plankton community with and without the addition of ballasting minerals. Our study contributes to the understanding of the potential mechanisms of export of Prochlorococcus and Synechococcus to the deep ocean.

MATERIALS AND METHODS

TEP and Aggregation in Batch Cultures

Growth of the Cyanobacteria

We grew duplicate 1 L batch cultures of marine Synechococcus sp. strains CCMP837 (WH7805, xenic), and CCMP2370 (WH8102, axenic) as well as Prochlorococcus marinus MED4 strains CCMP1986 (xenic), and CCMP2389 (axenic) obtained from the National Center for Marine Algae and Microbiota (NCMA) in 2 L Pyrex Erlenmeyer flasks. While not belonging to the same clade, the two Synechococcus cultures used in our study were both isolated from the Sargasso Sea and belong to the same phylogenetic cluster (cluster 5.1; Ahlgren and Rocap, 2012). Cultures were incubated on rocking platforms in a reach-in environmental growth chamber (Conviron) at 24 ± 1°C with a light intensity of 65–75 μmol photons m–2 s–1 in a 14 h:10 h light-dark cycle. Synechococcus and Prochlorococcus cells were grown in IMR medium (Eppley et al., 1967) and Pro99 medium (Moore et al., 2007), respectively, in artificial seawater (salinity 35, Kester et al., 1967). 50 mL samples were taken every other day until days 17–19, and immediately used to determine the volume of aggregates in the cultures as described below. Samples were then preserved in glutaraldehyde (1% (v/v) final concentration, Sigma-Aldrich) for TEP measurements, as well as the quantification of single cell abundance in cultures. All axenic cultures were tested for bacterial and fungal contamination at each sampling period by inoculation in IMR or Pro99 medium with added peptone and methylamine-HCl, as suggested by the NCMA. Axenic cultures were maintained as such throughout the experiments.

TEP Measurements

Transparent exopolymer particles concentrations in xenic and axenic picocyanobacteria cultures were determined as described in Passow and Alldredge (1995). 10 mL of glutaraldehyde-fixed culture samples (50 mL for Sargasso Seawater samples) were filtered through duplicate 0.4 μm pore-size polycarbonate membranes (GVS Life Technologies, ME, United States) at low and constant vacuum pressure (100 mm Hg). The retained TEP was subsequently stained with 0.5 mL of the acidic polysaccharide-specific Alcian Blue (AB) dye (8GX, Sigma-Aldrich), followed by a 0.5 mL rinse with MilliQ water for the removal of excess stain, and stored at −40°C until analysis. Prior to staining, the pre-calibrated 0.02% (w/v) AB working solution (provided by the Passow Lab, UCSB) with 0.06% (v/v) acetic acid (final pH 2.5) was passed through a 0.2 μm Acrodisc syringe filter (Pall Corporation, NY, United States) to remove undissolved dye. Membranes were soaked in 6 mL of 80% (v/v) sulfuric acid for 3 h to extract the AB-stained TEP and absorption was then measured using a spectrophotometer (Shimadzu UV-1601) at 787 nm. Duplicate stained filters with sterile media functioned as blanks. Although an improved AB calibration method has been reported (Bittar et al., 2018), the differences in calibration efficiency between the AB used in this study and that used by Bittar et al. (2018) are not significantly different based on tests performed by the Passow Lab (Uta Passow, personal communication). TEP concentrations were calculated using a calibration factor of the AB dye determined with xanthan gum (f-factor: 415) and expressed in μg of xanthan gum equivalent units per milliliter (μg XG eq. mL–1). TEP production and concentration in cultures were determined during their exponential phase of growth, thought to be representative of in situ dynamics, where they are actively growing, being grazed and supplied with recycled nutrients (Worden and Binder, 2003). Rates were calculated as in Iuculano et al. (2017). Furthermore, to compare picocyanobacteria TEP concentrations with phytoplankton of other cell sizes, we normalized TEP concentrations by cell biovolumes calculated by assuming simple geometrical shapes as in Passow (2002).

Determination of Single Cell Abundance and Suspended Aggregate Quantification

Single cell abundance in the cultures was determined with the use of epifluorescence microscopy (Carl Zeiss AxioScope.A1). Glutaraldehyde-fixed samples were stained with DAPI (4′,6-diamidino-2-phenylindole, 0.03M, Sigma-Aldrich), and filtered onto black 0.2 μm pore-size polycarbonate membranes (GVS Life Technologies, ME, United States). Synechococcus cells were visualized by their orange phycoerythrin fluorescence under blue-light excitation (450–490 nm), while DAPI stained Prochlorococcus and heterotrophic bacteria cells in xenic cultures were distinguished by their different cell morphologies under UV excitation (380–400 nm), cocci for Prochlorococcus versus bacilli for heterotrophic bacteria. To verify the accuracy of the epifluorescence counts, we compared cell counts of a serial dilution (1/10–1/1 × 104) of a xenic Prochlorococcus culture obtained by microscopy with those obtained by flow cytometry (FCM). Briefly, 90–100 μL of Syto-9 (Thermo-Fisher Scientific, MA, United States) stained samples were ran on an Influx Mariner flow cytometer (Becton Dickinson, NJ, United States) using a forward-scatter (FSC) trigger, and detected using a 488 nm, 200 mW laser and a 531/40 emission filter. Prochlorococcus counts were determined as the difference between heterotrophic bacteria and total cell counts, and each FCM sample concentration was then determined using the volume-analyzed method (sample tube weighed before and after analysis) and expressed in cell number per mL. The cell abundance stemming from the FCM analyses of the picocyanobacteria and heterotrophic bacteria were not significantly different from the cell concentrations calculated from epifluorescence microscopy counts (t-test, p < 0.05 for Prochlorococcus and bacteria) (data not shown).

Concentrations of cell aggregates “suspended” in cultures [i.e., non-sinking particles with an equivalent spherical diameter (ESD) of 5–60 μm] were determined every other day throughout the 17–19-day incubation periods using a Multisizer 3 Particle Counter (Beckman Coulter, CA, United States). Prior to fixation with glutaraldehyde, samples in duplicates were diluted to a 1–10% final particle concentration with Isoton II diluent (Beckman Coulter, CA, United States) and aggregates were measured and quantified with a 100 μm aperture tube. The volume concentration of aggregates was calculated in μm3 per mL.

Aggregation in Roller Tanks

Roller Tank Incubations With Batch Cultures

To investigate the formation of visible aggregates by xenic and axenic Synechococcus and Prochlorococcus, batch cultures were incubated in roller tanks to simulate the natural collision of particles as they would occur in situ (Shanks and Edmondson, 1989; Deng et al., 2015). 500 mL batch cultures were grown in the same conditions as the TEP experiments and incubated until the late exponential phase of growth was achieved (ca. 9 days). Cultures were then diluted to cell abundances simulating bloom conditions (106 cells mL–1) and incubated in cylindrical 1.25 L Plexiglass roller tanks (Shanks and Edmondson, 1989) with artificial seawater (35‰, Kester et al., 1967). In addition to a control treatment with cells only, autoclaved kaolinite clay (Sigma-Aldrich) was dissolved in sterile artificial seawater and added to the cell suspensions in the roller tanks to final concentrations of 0.5 mg L–1 and 5 mg L–1. In each experiment, three treatments each with duplicate tanks were rotated on a rolling platform at 3.5 rotations per minute in the dark at 24°C for 7 days.

Roller Tank Incubations With a Natural Plankton Community

Forty-Five Liter of Sargasso Sea water was collected on the monthly BATS sampling cruises in fall 2017 (AE1718) and spring 2018 (AE1808) when Prochlorococcus and Synechococcus reached their peak abundances, respectively (Supplementary Table S1). Within 5 h of collection, the plankton community was incubated at the Bermuda Institute of Ocean Sciences, St. George’s, Bermuda, in walk-in chambers set to in situ temperature for 5 days, using the same experimental set-up as described above. The abundance of picocyanobacteria, picoeukaryotes, and heterotrophic bacteria were determined using FCM.

Determination of Aggregate Number, Size, Sinking Velocity, and Excess Density

Following the roller tank incubations, the number of visible aggregates (ca. > 0.1 mm) formed in each tank was counted and photographs of aggregates were taken with an Axiocam 105 color camera on a Discovery V20 stereo microscope for batch culture experiments, or on a Stemi 2000-C for field experiments (all by Carl Zeiss, Germany). The ESD of each imaged particle was then determined using ImageJ image analysis software1. To determine sinking velocities, aggregates from each roller tank were gently transferred with a wide-bore pipette into a 1 L settling cylinder and released at 1 cm under the air-water interface. The settling cylinder was filled with artificial seawater at the same salinity and temperature as roller tanks, and the settling time of each aggregate was determined through a vertical distance of 32.6 cm. Settling times were subsequently converted to velocities in meters per day. The excess density of aggregates was determined using the Navier-Stokes drag equation as in Iversen and Ploug (2010).

RESULTS

TEP and Aggregation in Batch Cultures

Cell Abundance and Growth Dynamics

Synechococcus and Prochlorococcus cultures were sampled until days 17–19, when most cultures had reached the late exponential phase (Figures 1A,B). Growth rates of the picocyanobacteria were around 0.5 d–1 (Table 1). The growth of heterotrophic bacteria closely followed the growth of their associated picocyanobacteria (Figures 1A,B). Heterotrophs grew at rates of 0.33 ± 0.1 d–1 (mean ± standard error of n = 2 cultures) in Synechococcus and at 0.35 ± 0.04 d–1 in Prochlorococcus cultures (Table 1). Direct attachment between heterotrophs and picocyanobacteria cells could be observed by epifluorescence microscopy of xenic cultures, but no heterotrophic bacteria were observed in the axenic cultures.
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FIGURE 1. (A) Single cell abundance of Prochlorococcus (axenic – black circles; xenic – black triangles) as well as (B) Synechococcus (axenic – black circles; xenic – black triangles) and bacteria in corresponding xenic cultures (white triangles) throughout 17–19 day incubations. Error bars represent the standard error for duplicate cultures. Note error bars are smaller than the symbol sizes in some cases.



TABLE 1. Growth rate, TEP production, and aggregate volume concentration during the exponential growth phase in xenic and axenic batch cultures of Prochlorococcus and Synechococcus.
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TEP

It was visually apparent that xenic Prochlorococcus as well as xenic and axenic Synechococcus cultures produced Alcian Blue-stainable exopolymeric material, i.e., TEP (Figure 2). TEP were accumulated in the cultures as the abundance of cells increased (Figures 1A,B, 3A). In axenic Prochlorococcus, TEP concentrations were low throughout the incubation period (0.71 ± 0.06 μg XG eq. mL–1, averaged across the 17-day experiment), with no production even during days of exponential growth (Table 1). In the xenic Prochlorococcus cultures, however, TEP concentration and production were measurable and significantly higher than in axenic cultures (t-test, p = 0.03 for TEP concentration, and p = 0.04 for TEP production; Tables 1, 2). In contrast, TEP concentration and production in xenic and axenic Synechococcus cultures did not differ significantly (t-test, p = 0.2 for both; Tables 1, 2). TEP production did not significantly differ between xenic Prochlorococcus and Synechococcus (t-test, p = 0.67; Table 1). TEP concentrations averaged across the exponential phase were two orders of magnitude higher in xenic Synechococcus than in Prochlorococcus (t-test, p = 0.01; Table 2).
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FIGURE 2. Epifluorescence (A,C,E,G) and corresponding brightfield (B,D,F,H) photomicrographs of Alcian Blue stained cultures of Prochlorococcus in axenic (A,B), and xenic (C,D) conditions, as well as Synechococcus in axenic (E,F), and xenic (G,H) conditions. Scale bars are 10 μm.
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FIGURE 3. (A) TEP concentration throughout 17–19 day incubations of Synechococcus (axenic – black circles; xenic – black triangles), and Prochlorococcus (axenic – white circles; xenic – white triangles). (B) Volume concentration of aggregates present in the culture medium throughout 17–19 day incubations of Synechococcus (axenic – black circles; xenic – black triangles), and Prochlorococcus (axenic – white circles; xenic – white triangles). Error bars represent the standard error of duplicate cultures. Note error bars are smaller than the symbol sizes in some cases.



TABLE 2. Comparison of cell volume-normalized TEP concentrations calculated in this study with xenic and axenic phytoplankton from the literature.
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Suspended Aggregates

The presence of heterotrophic bacteria led to a higher volume concentration of suspended (5–60 μm) aggregates in Synechococcus and Prochlorococcus compared to axenic cultures (Figure 3B and Table 1). Additionally, the volume concentration of suspended aggregates correlated strongly with TEP concentrations, except in axenic Prochlorococcus (Supplementary Table S2). Synechococcus formed suspended aggregates in both xenic and axenic conditions, and the difference between the two cultures was significant throughout the experiment (6.5 ± 0.06 × 106 μm3 mL–1 axenic and 9.9 ± 0.7 × 106 μm3 mL–1 xenic, t-test, p = 0.03; Figure 3B). Conversely, the Prochlorococcus cultures did not aggregate throughout the experiment in axenic conditions, however, aggregates formed in the xenic cultures, especially during the exponential phase. The aggregate volume concentration in xenic cultures of Synechococcus and Prochlorococcus differed significantly throughout the 19-day incubation (t-test, p = 0.006; Figure 3B).

Aggregation in Roller Tanks

Aggregation Using Picocyanobacteria From Batch Cultures

In addition to quantifying the development of suspended aggregates in batch cultures, we performed roller tank experiments to enhance the formation of visible, sinking aggregates. The picocyanobacteria cultures did not form visible aggregates unless 5 mg L–1 of kaolinite clay was added, except for axenic Prochlorococcus, which did not aggregate in any of the experimental treatments (Table 3). The number of aggregates formed by xenic and axenic Synechococcus cultures with 5 mg L–1 of kaolinite was not significantly different (t-test, p = 0.47; Table 3), but aggregates formed by the xenic cultures sank three times faster and were significantly larger (t-test, p < 0.001 for both; Table 3). Furthermore, xenic Synechococcus formed aggregates that sank faster and were significantly denser than those formed by xenic Prochlorococcus (t-test, p = 0.001, and p = 0.01, respectively; Table 3), although the number and size of aggregates formed did not significantly differ (t-test, p = 0.31, and p = 0.68, respectively; Table 3).

TABLE 3. Abundance, sinking velocity, size, and density of aggregates formed in roller tank experiments with increasing concentrations of kaolinite clay (control with no clay, treatments with 0.5, and 5 mg L–1).
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The number and sinking velocities of aggregates formed by axenic Synechococcus in our study differ from values in Deng et al. (2015). We looked into this discrepancy by testing the role of seawater media on the formation of aggregates in roller tanks using axenic Synechococcus (Supplementary Table S3) and found that the type of media influenced the number, ESD and sinking velocity of aggregates formed (One-way ANOVA, p < 0.05; Supplementary Table S3). No aggregates formed using artificial seawater (as used in our other experiments; ASW hereafter) or 0.2 μm-filtered natural seawater unless 5 mg L–1 of kaolinite clay was added. In contrast, aggregates formed in all roller tank treatments using artificial seawater made with Sigma Sea Salts as used by Deng et al. (2015), even without the addition of clay. Aggregates that formed with Sigma Sea Salts were an order of magnitude higher in abundance, sinking velocity, and excess density than those formed using ASW, however, these aggregates were also significantly smaller (t-test, p < 0.05 for all parameters; Supplementary Table S3). Roller tanks with 0.2 μm-filtered Sargasso Seawater formed fewer aggregates than did the other seawater treatments, but they were significantly larger, and sank at higher velocities compared to aggregates formed using ASW (t-test, p < 0.05 for all; Supplementary Table S3).

Aggregation Using a Natural Plankton Community

To test the aggregation of picocyanobacteria within a natural plankton community, we performed 5-day roller tank incubations of seawater collected at an open-ocean site off shore Bermuda, where picocyanobacteria are dominant primary producers (Supplementary Table S1). No visible aggregates formed at the end of incubations performed in September, when Prochlorococcus were in their highest abundance (8.6 ± 0.2 × 104 cells mL–1), even with the addition of kaolinite clay. In March, when Synechococcus were in their highest abundance (1.8 ± 0.2 × 104 cells mL–1), 5.6 ± 1.6 aggregates L–1 (n = 2 tanks) formed in tanks with 5 mg L–1 of kaolinite. The average ESD of the aggregates formed in March was 2.2 ± 0.55 mm (n = 6 aggregates) and aggregates sank at velocities of 2388 ± 17 m d–1 (n = 2 aggregates). Visualization of these aggregates using epifluorescence microscopy showed embedded phycoerythrin-rich cells (Supplementary Figure S1).

DISCUSSION

Our study provides, for the first time, a quantitative comparison of TEP production and aggregation in xenic and axenic Prochlorococcus and Synechococcus. In Prochlorococcus, we observed enhanced production of TEP and greater aggregation in xenic compared to axenic cultures, while Synechococcus cultures formed more aggregates in xenic conditions with no differences in TEP production, confirming our first hypothesis that heterotrophic bacteria enhance aggregation in these picocyanobacteria. Furthermore, compared to Synechococcus, Prochlorococcus formed fewer suspended (ESD 5–60 μm) aggregates, and visible (ca. > 0.1 mm) aggregates that formed in roller tanks sank significantly slower, despite the addition of ballasting minerals, suggesting a higher aggregation and export potential for Synechococcus. These results are consistent with roller tank experiments we conducted using seawater collected in the Sargasso Sea, where we only observed aggregation when Synechococcus were in their peak abundance (spring season, Supplementary Table S1), supporting our second hypothesis of Synechococcus’ higher propensity to form fast-sinking particles relative to Prochlorococcus.

The formation of visible aggregates in axenic Synechococcus only in the presence of added kaolinite contradicts findings reported by Deng et al. (2015), who found aggregation without the addition of kaolinite. These authors set up their roller tanks using artificial seawater made with Sigma Sea Salts, which in our tests of different seawater types (Supplementary Table S3) revealed significantly more and faster sinking aggregates compared to artificial seawater made as in Kester et al. (1967) used in this study, as well as when using just 0.2 μm-filtered natural seawater. It is likely that the enhanced aggregation reported by Deng et al. (2015), especially the aggregation they observed without the addition, and with lower concentration of kaolinite, was due to the addition of ballasting agents through precipitates formed as a byproduct of autoclaving the Sigma Sea Salts solution. These precipitates were likely carbonate minerals (Jones, 1967), which function as a ballast for aggregation as shown by Passow and De La Rocha (2006), similar to the kaolinite clay used in our study.

Aggregate formation is dependent on the number of particle collisions, and occurs as a function of the abundance of particles present in the medium (i.e., cell number) and their stickiness (i.e., the probability that cells stay attached after collision, for example due to the presence of TEP; Jackson, 1990; Burd and Jackson, 2009). Compared to axenic cultures, xenic cultures contain more particles due to the presence of heterotrophic bacteria, similar in size to the picocyanobacteria cells, thereby increasing the frequency of colliding particles in the medium. In addition, various studies using eukaryotic phytoplankton have shown that bacteria can also influence aggregation in xenic cultures by stimulating the production of TEP by phytoplankton (Grossart et al., 2006b; Gärdes et al., 2012; Van Oostende et al., 2013), and by increasing the stickiness of phytoplankton-derived EPS (Grossart et al., 2006b; Rochelle-Newall et al., 2010). In the case of the Synechococcus in our study, we know that the cells are inherently sticky because of the production of TEP (Figure 3 and Table 1) and formation of aggregates (Table 3) in axenic cultures. We postulate that either (1) heterotrophic bacteria present in xenic Synechococcus cultures increase the stickiness of Synechococcus-derived TEP or its precursors, and/or (2) the higher number of particles in xenic cultures leads to enhanced aggregation. In roller tank experiments using an order of magnitude higher cell number (ca. 107 mL–1) of axenic Synechococcus cells, there was no enhanced aggregation observed compared to experiments performed using 106 cells mL–1 (data not shown). This supports the first explanation above, that the bacteria’s influence on the aggregation is due to the modification of Synechococcus-derived TEP and not due to the increase in particle concentration.

In contrast to Synechococcus, the production of TEP in xenic Prochlorococcus cultures was more crucial in the formation of aggregates than particle abundance, as demonstrated by rapid aggregation once TEP was being produced (Figure 3, after day 7), and by the lack of visible aggregates in axenic Prochlorococcus despite the addition of kaolinite clay in roller tanks (Table 3). Hence, increasing particle abundance in axenic Prochlorococcus cultures did not result in enhanced aggregation, likely indicative of low cell stickiness due to low TEP. We hypothesize that the increased TEP and aggregation in xenic versus axenic Prochlorococcus is due to the heterotrophic bacteria exuding TEP and directly contributing to the TEP pool, or by stimulating its production in Prochlorococcus, thus enhancing aggregation due to increased particle stickiness.

Despite their small cell size, Synechococcus (xenic and axenic) and Prochlorococcus (xenic) cultures produced TEP in concentrations exceeding or comparable to other phytoplankton—such as the colonial marine cyanobacterium Crocosphaera watsonii (Sohm et al., 2011) and the coccolithophore Emiliania huxleyi (Van Oostende et al., 2013; Table 2). The enhanced TEP production in xenic versus axenic Prochlorococcus in our study suggests that the exudation of TEP by xenic Prochlorococcus observed by Iuculano et al. (2017) was likely due to the presence of heterotrophic bacteria rather than exudation solely by Prochlorococcus. The influence of heterotrophic bacteria on the aggregation and/or TEP production of picocyanobacteria, as seen here, complements findings on similar phytoplankton-bacteria interactions using diatoms and freshwater cyanobacteria. Grossart et al. (2006b) found that TEP and aggregation in batch cultures of the diatoms Thalassiosira rotula and Skeletonema costatum were differentially influenced by heterotrophic bacteria, enhancing aggregation in T. rotula but not in S. costatum. Interactions that enhance TEP production and aggregation have also been observed in the marine diatom Thalassiosira weissflogii in co-cultures with the bacterium Marinobacter adhaerens HP15, though the mechanism of this interaction has yet to be determined (Gärdes et al., 2011, 2012). Additionally, bacteria have been associated with increased EPS and TEP production in Microcystis aeruginosa (Pannard et al., 2016). Tight associations occur between marine heterotrophic bacteria and picocyanobacteria, such as the chemotactic attraction of bacteria to extracellular products of Prochlorococcus MED4 (Seymour et al., 2010), and the direct attachment of bacteria to Synechococcus cells (Malfatti and Azam, 2010; Zheng et al., 2018), demonstrating the potential for significant interactions between heterotrophic bacteria and picocyanobacteria. The specific roles of heterotrophic bacteria in the production of TEP and aggregation of xenic Prochlorococcus and Synechococcus needs to be elucidated in future studies by co-culturing each picocyanobacteria with representative heterotroph isolates.

While the above experiments, including our study, have been performed in nutrient balanced cultures (Redfield ratio, N:P = 16), it should be noted that TEP production could differ in the natural environment. TEP production by phytoplankton is enhanced in nutrient limited cultures (Corzo et al., 2000; Berman-Frank et al., 2007), and Deng et al. (2016) observed that axenic Synechococcus produced more TEP in nutrient limited (mainly nitrogen, N:P = 0.14) compared to nutrient balanced cultures. Additionally, the influence of bacteria on TEP production may also differ. Bacteria are found to stimulate TEP production in cultures under nutrient balanced conditions but not under nutrient limited conditions (Gärdes et al., 2012). Therefore, it is possible that the TEP dynamics observed in our study would differ under nutrient limitation, especially in oligotrophic open ocean settings. Nevertheless, our study points to the role of phytoplankton-bacteria interactions on TEP production and aggregate formation by Synechococcus and Prochlorococcus in the natural environment, where associations with bacteria would occur.

Despite higher cell abundances (106 cells mL–1 and 104 cells mL–1 for picocyanobacteria in culture-based and field-based experiments, respectively), the aggregation observed in roller tank experiments using picocyanobacteria cultures corroborate results from field experiments using Sargasso Seawater. In both cases, aggregates formed only when kaolinite clay was added (at a concentration of 5 mg L–1), and the number as well as sinking velocity of aggregates were within equal orders of magnitude. The observed increase in aggregate number and sinking velocity as a result of the addition of ballasting minerals is consistent with earlier aggregation studies with axenic Synechococcus (Deng et al., 2015), xenic diatoms (Passow and De La Rocha, 2006; De La Rocha et al., 2008), and natural plankton communities (Iversen and Robert, 2015; van der Jagt et al., 2018). Other aggregation studies on natural plankton communities in the North Sea (Iversen and Robert, 2015) and in the Cape Blanc upwelling (van der Jagt et al., 2018), dominated by diatoms, have observed aggregation in unballasted treatments and with a lower concentration of clay minerals (ca. 0.35 to 1 mg L–1). The silica frustules of the diatoms in those waters, as well as the high concentrations of lithogenic material off Cape Blanc, likely added mineral ballast that caused enhanced aggregation.

The higher sinking velocities of TEP-rich Synechococcus-derived aggregates, as well as the lack of aggregates formed when Prochlorococcus dominated the Sargasso Sea picocyanobacteria population, points to a higher export potential for Synechococcus versus Prochlorococcus. This has been hypothesized previously to explain the overrepresentation of Synechococcus in sequence libraries recovered from particle traps compared to water column libraries in the Sargasso Sea, in contrast to the Prochlorococcus, which were always underrepresented (Amacher et al., 2013; De Martini et al., in preparation). Furthermore, in a global regression-based modeling analysis of metagenomics data collected during the TARA Oceans project, Guidi et al. (2016) found Synechococcus to strongly correlate with carbon export in the subtropical oligotrophic ocean, but not Prochlorococcus. While De Martini et al. (2018) found that lower export of Prochlorococcus compared to Synechococcus was likely due to their smaller size, they also reported cases of higher absolute contribution of Synechococcus clades to sinking POC when compared to strains of Prochlorococcus. These authors also hypothesized that differences in aggregation, micro-grazer utilization and zooplankton mediation may play a role. Other mechanisms such as vertical mixing induced by internal solitary waves have been discussed in the literature to explain the observations of live picocyanobacterial cells in deep aphotic waters (Jiao et al., 2014), especially of Prochlorococcus (Jiao et al., 2014; Guo et al., 2018). But results of our study of enhanced stickiness and aggregate formation in Synechococcus due to their own TEP production, hint at a mechanism for their greater relative contribution to export in comparison to Prochlorococcus.

Small, suspended aggregates as formed in the picocyanobacteria cultures, would sink slowly in situ (following Stoke’s law) and therefore have a greater chance of being recycled in the euphotic zone (Lutz et al., 2002). On the other hand, small (11–64 μm) particles, the same size range as the suspended particles in our study (5–60 μm), were found to dominate particle flux at BATS (Durkin et al., 2015). Aggregation into suspended particles would increase Prochlorococcus’ and Synechococcus’ susceptibility to falling prey to mesozooplankton and may contribute to flux in their fast-sinking fecal pellets (Waite et al., 2000; Richardson and Jackson, 2007; Richardson, 2019). Synechococcus is an abundant constituent of zooplankton fecal pellets (Wilson and Steinberg, 2010; Stukel et al., 2013), however, this has not been observed for Prochlorococcus, which might be due to them forming fewer suspended aggregates that increase their functional size, and/or a more complete digestion because of their smaller size (Gorsky et al., 1999; Sutherland et al., 2010).

Our study is the first to show differences in TEP production and aggregation between xenic and axenic Prochlorococcus and Synechococcus. These results suggest a significant role for heterotrophic bacteria in TEP production and aggregation in Prochlorococcus, and also demonstrate that Synechococcus produce TEP and form aggregates independent of interactions with heterotrophic bacteria. Finally, we show for the first time that natural plankton communities from the Sargasso Sea do not form visible aggregates without the addition of ballast minerals, which confirms our experiments using picocyanobacteria cultures. Zooplankton utilization, possibly facilitated by the aggregation of the cyanobacteria, might be necessary to enable flux of these picocyanobacteria in situ.
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Bacteria: Bacteria: Bacteria: Bacteria:
42+06 24+£04 25+£03 24+01

Values are means + the standard error of replicate tanks (aggregate abundance) or aggregates (all other parameters).—, No visible aggregates. *Significantly different to its axenic counterpart (t-test, p < 0.05).
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This study

This study

All data are from batch cultures in exponential growth phase. Values from this study are means + the standard error of duplicate cultures. —, No data. Cell volumes were
calculated assuming the following cell diameters: @5 um (Roscoff Culture Collection), 0.6 um (Roscoff Culture Collection), ©1 um (NCMA), 0.8 wm (NCMA).





