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Vertical Niche Partitioning of Archaea and Bacteria Linked to Shifts in Dissolved Organic Matter Quality and Hydrography in North Atlantic Waters
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Understanding the factors that modulate prokaryotic assemblages and their niche partitioning in marine environments is a longstanding challenge in marine microbial ecology. This study analyzes amplicon sequence variant (ASV) diversity and co-occurrence of prokaryotic (Archaea and Bacteria) communities through coastal-oceanic gradients in the NW Iberian upwelling system and adjacent open-ocean (Atlantic Ocean). Biogeographic patterns were investigated in relation with environmental conditions, mainly focusing on the optical signature of the dissolved organic matter (DOM). Alpha- and beta-diversity were horizontally homogeneous [with the only exception of Archaea (∼1700 m depth), attributed to the influence of Mediterranean water, MW], while beta-diversity was significantly vertically stratified. Prokaryotic communities were structured in four clusters (upper subsurface, lower subsurface, intermediate, and deep clusters). Deep (>2000 m) archaeal and bacterial assemblages, and intermediate (500-2000 m) Bacteria (mainly SAR202 and SAR406), were significantly related to humic-like DOM (FDOM-M), while intermediate Archaea were additionally related to biogeochemical attributes of the high-salinity signature of MW. Lower subsurface (100-500 m) Archaea (particularly one ASV belonging to the genus Candidatus Nitrosopelagicus) were mainly related to the imprint of high-salinity MW, while upper subsurface (≤100 m) archaeal assemblages (particularly some ASVs belonging to Marine Group II) were linked to protein-like DOM (aCDOM254). Conversely, both upper and lower subsurface bacterial assemblages were mainly linked to aCDOM254 (particularly ASVs belonging to Rhodobacteraceae, Cyanobacteria, and Flavobacteriaceae) and nitrite concentration (mainly members of Planctomycetes). Most importantly, our analysis unveiled depth-ecotypes, such as the ASVs MarG.II_1 belonging to the archaeal deep cluster (linked to FDOM-M) and MarG.II_2 belonging to the upper subsurface cluster (related to FDOM-T and aCDOM254). This result strongly suggests DOM-mediated vertical niche differentiation, with further implications for ecosystem functioning. Similarly, positive and negative co-occurrence relationships also suggested niche partitioning (e.g., between the closely related ASVs Thaum._Nit._Nit._Nit._1 and _2) and competitive exclusion (e.g., between Thaum._Nit._Nit._Nit._4 and _5), supporting the finding of non-randomly, vertically structured prokaryotic communities. Overall, differences between Archaea and Bacteria and among closely related ASVs were revealed in their preferential relationship with compositional changes in the DOM pool and environmental forcing. Our results provide new insights on the ecological processes shaping prokaryotic assembly and biogeography.
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INTRODUCTION

Marine heterotrophic microbes depend upon dissolved organic matter (DOM) quantity and quality to fulfill their metabolic requirements, as they recycle dissolved organic carbon through the microbial loop (Azam et al., 1983). Many recent studies showed the relationship between the structure and function of microbial communities and environmental forcing (Lindh and Pinhassi, 2018; Auladell et al., 2019; Mena et al., 2020). Indeed, several investigations have displayed vertical stratification [water mass- (Agogué et al., 2011) or depth realm-specificity (Dobal-Amador et al., 2016; Guerrero-Feijóo et al., 2017)] of microbial populations in the Atlantic Ocean attributed to the vertical variability of the hydrographic features in the pelagic environment (Agogué et al., 2011; Dobal-Amador et al., 2016; Zorz et al., 2019). However, only a few studies have taken into account the potential role of DOM quality (Amaral et al., 2016; Dobal-Amador et al., 2016; Guerrero-Feijóo et al., 2017), characterized by its optical properties, as a key parameter in modeling aquatic microbial communities due to two main limitations. On the one hand, our knowledge about the composition of the DOM, especially at intermediate and deep waters, is pretty limited (Bergauer et al., 2018). On the other, concurrent data about prokaryotic diversity and DOM quantity and quality indicators are extraordinarily scarce in oceanographic surveys (Dobal-Amador et al., 2016; Guerrero-Feijóo et al., 2017), so virtually all the available information comes from mesocosm and/or experimental approaches (e.g., Omori et al., 2020; Varela et al., 2020; Gutiérrez-Barral et al., 2021). These empirical methods are of great value since they provide important information on the behavior of different populations under controlled conditions. However, their results are only cautiously comparable with natural populations due to the so-called “bottle effect” (Zobell and Anderson, 1936).

The seasonal pattern of water column stratification, typical of temperate regions, is masked in the Atlantic Ocean off the western Galician coast by frequent upwelling pulses (the so-called NW Iberian upwelling system) between March and September-October (Casas et al., 1997), interrupted by periods of relaxation of winds or downwelling (Bode et al., 2019). As a result, there is an accumulation of autotrophically synthetized organic compounds which support the export offshore and sinking fluxes of organic matter (Bode et al., 1998; Álvarez-Salgado et al., 2008). Comparatively, in the Cantabrian coast (Bay of Biscay), located in the eastern limit of the upwelling region, these upwelling events usually last for a shorter time and reach lower intensities than off the Galician coast (Lavin et al., 2006). The few previous exploratory studies on the Galician coast indicated that bacterial community structure, assessed by automated rRNA intergenic spacer analysis (ARISA) fingerprinting (Dobal-Amador et al., 2016) and by terminal restriction fragment length polymorphism (T-RFLP) (Guerrero-Feijóo et al., 2017), was related to hydrographic parameters and DOM quality indices. However, the low diversity resolution provided by those methods did not allow testing for specific relationships among particular taxa and DOM. Moreover, to the best of our knowledge, there is no previous concurrent characterization of DOM quantity and quality and prokaryotic community composition in the Bay of Biscay.

High-throughput sequencing (HTS) technologies revealed that nominal estimates of marine microbial richness are at least one order of magnitude higher than previously estimated (Pedrós-Alió et al., 2018). Besides, Amplicon Sequence Variants (ASVs) can be resolved exactly down to the level of single-nucleotide differences over the sequenced gene region (Callahan et al., 2017), giving rise to improved diversity estimates based on their finer resolution. Thus, even if we do not know the identity of a given ASV, we can be sure that it is certainly different from all the others in the dataset. This feature allows for a more accurate analysis of diversity patterns and co-occurrence among the components of microbial assemblages (Needham et al., 2017), as well as identifying relationships among particular ASVs and environmental variables, revealing different ecological patterns within a specific taxon (i.e., ecotypes), which might potentially affect organic matter cycling.

It has been recently suggested that abiotic factors have a more limited effect than biotic interactions on determining plankton community structure (Lima-Mendez et al., 2015; Milici et al., 2016). Then, ecosystem function and dynamics would depend upon the association of taxa playing ecologically distinct roles and their interactions with other taxa and the environment across space (Koeppel et al., 2008). Negative co-occurrence (i.e., the presence of one phylotype implies the absence of the other), might result from differences in habitat preference (ecotypes) or competitive exclusion (Milici et al., 2016). Conversely, positive co-occurrence suggests collaborative phylogenetic associations (mutualism) (Coutinho et al., 2015) or, alternatively, that organisms can avoid competition by their dissimilar physiologies, resources requirements and/or capability of response to environmental forcing. If so, they do not share ecological niche (niche partitioning) and thus they can share habitat (Barberán et al., 2012).

This study aimed to explore the biotic and abiotic interactions potentially driving prokaryotic community assembly along two coastal-oceanic gradients in the North Atlantic Ocean off the Iberian Peninsula (0-5000 m depth). We hypothesize that the studied areas, with different hydrographic features and exposed to different levels of upwelling intensity, would presumably support different prokaryotic communities. Accordingly, it is hypothesized that distinctive DOM quantity and quality and hydrographic conditions will drive prokaryotic niche partitioning, and the differentiation of ecotypes for closely related ASVs/phylotypes.



MATERIALS AND METHODS


Sampling and Hydrography

Seawater samples were collected during MODUPLAN cruise (4th to 24th August 2014) on board R/V Sarmiento de Gamboa along two transects (9 stations each) off the Galicia and Cantabria coasts [Fisterra (43°N, 9°W to 43°N, 14°W) and Santander (43.30°N, 3.47°W to 44.50°N, 3.47°W); Figure 1], using 12-L Niskin bottles attached to a CTD-rosette sampler. Sampling depths were selected based on distinctive temperature, salinity, and dissolved oxygen concentration signals through the water column (0-5000 m) (Prieto et al., 2013). Seawater samples for microbial analyses and for DOM characterization were collected in acid-washed polycarbonate carboys (Nalgene, Thermo Fisher Scientific) and 250-mL acid-washed glass bottles, respectively.
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FIGURE 1. Sampling stations during MODUPLAN cruise along Fisterra and Santander sections, off Galicia coast and in the Bay of Biscay, respectively, off the NW Iberian Peninsula. The hidrographic parameters were determined in all stations (black dots), while pink dots indicate biological stations where, additionally, prokaryotic community composition and DOM were characterized. Fisterra transect took place from August 04, 2014 to August 12, 2014, while Santander transect took place from August 14, 2014 to August 21, 2014. Arrows indicate sampling direction.


Temperature and salinity profiles were recorded in situ alongside the bottle samples collection using CTD sensors. Samples for the analysis of dissolved oxygen concentration were collected in 115-mL Pyrex “iodine titration” flasks with flared necks and ground glass stoppers. Oxygen concentration was determined by the Winkler potentiometric method (Langdon, 2010). At the same depths, unfiltered samples for the determination of dissolved inorganic nutrients (nitrate, nitrite, and phosphate) were collected in rinsed 15-mL polyethylene tubes and frozen at -20°C until the analysis by standard colorimetric methods on a segmented flow analyzer (Bran-Luebbe), following the procedures of Hansen and Koroleff (2007).

Upwelling intensity (UI, m3 s–1 km–1) was obtained from the Ekman transport derived from surface winds for the studied areas1. Positive values of UI indicate net upwelling periods when surface water is transported offshore, while negative values indicate an accumulation of surface water against the coast (downwelling). The squared Brunt-Väisälä frequency (N2), a proxy for water column stratification, was computed from the CTD data by the function swN2 within oce package (Kelley and Richards, 2019) in R Core Team (2017). The mixed layer depth (MLD) was estimated as the depth where seawater density was 0.125 kg m–3 higher than the surface value.



DOM Optical Signature

All DOM samples above 200 m were filtered under positive N2 pressure using an acid-clean all-glass system and combusted (450°C, 4 h) GFF filters. Water samples for the analysis of dissolved organic carbon (DOC) were collected in combusted (450°C, 4 h) glass ampoules, and acidified with H3PO4 to pH < 2. The ampoules were heat-sealed. DOC concentrations were determined using a Shimadzu TOC-VCSH analyzer by high-temperature Pt-catalytic oxidation (Álvarez-Salgado and Miller, 1998). Samples were calibrated daily with potassium hydrogen phthalate (99.95-100.05%, p.a., Merck) and the precision of the measurements was 1 μmol C L–1. The accuracy of the system was checked with the reference samples supplied by D.A. Hansell (University of Miami, United States). The fluorescence of DOM (FDOM) was measured on board (within 5 h after sampling) at two pairs of fixed excitation/emission wavelengths: (i) 320/410 nm (FDOM-M), characteristic of marine humic-like substrates, and (ii) 280/350 nm (FDOM-T), characteristic of protein-like compounds, using a Perkin Elmer LS55 following Nieto-Cid et al. (2006). Samples were calibrated against quinine sulfate and results are given in quinine sulfate units (QSU). UV-visible absorption spectra of the chromophoric DOM (CDOM) were acquired using a double beam Perkin Elmer lambda 850 spectrophotometer equipped with 10-cm path length quartz cuvettes for sample and reference (ultrapure water, Milli-Q, Millipore Advantage A10). Spectral scans were recorded from 250 to 700 nm at 1 nm intervals and constant temperature, using the sample average absorbance between 600 and 700 nm to correct for offsets (Green and Blough, 1994). Absorbance was converted into Naeperian absorption coefficients (m–1) at several wavelengths along the spectra (Green and Blough, 1994): aCDOM254 (absorption coefficient at 254 nm), aCDOM340 (absorption coefficient at 340 nm), and aCDOM365 (absorption coefficient at 365 nm). Differences between these indices lay on the nature of the colored DOM, as the intensification of the conjugation/aromaticity increases with the absorption wavelength (Stedmon and Nelson, 2015; Catalá et al., 2018). The spectral slope between 275 and 295 nm [s(275-295)] provides information on shifts in molecular mass and DOM aromaticity (Helms et al., 2008; Catalá et al., 2018).



DNA Extraction, Sequencing, and Bioinformatics

A total of 127 seawater samples for DNA extraction were collected at 18 stations (9 stations per section) throughout the water column. Prokaryotic cells were concentrated by filtering ∼10 L of 200-μm prefiltered seawater through sterile, 0.22 μm pore-size Sterivex filters (Millipore, United States), and preserved with 1.8 mL of lysis buffer (40 mM EDTA, 50 mM Tris-HCl, 0.75 M sucrose). The cartridges were flash-frozen in liquid nitrogen and stored at -80°C. DNA extraction was performed according to Massana et al. (1997) with slight modifications (Guerrero-Feijóo et al., 2017). Cell lysis was performed by 45-min digestion with lysozyme (1 mg mL–1 final concentration) at 37°C, followed by 60-min proteinase K digestion (0.2 mg mL–1 final concentration) with sodium dodecyl sulfate (SDS) (10%) at 55°C. Then, DNA was extracted twice in phenol:chlorophorm:IAA (25:24:1) and once in chlorophorm:IAA (24:1). The extracted DNA was concentrated using an Amicon Ultracel 100k filter unit (Millipore). Concentration and purity were determined according to the absorbance A260/A280 ratio using a Nanodrop spectrophotometer (Thermo Fisher Scientific, United States). Nucleic acid extracts were stored at -20°C until further analysis.

The V3 to V4 regions of the 16S rRNA gene were amplified by polymerase chain reaction (PCR), using the primer pairs 349F-806R (Klindworth et al., 2013) for Archaea, and 341F-805R (Herlemann et al., 2011) for Bacteria. The 20-μL PCR mixture contained 2 μL of the corresponding primer set (1 μL and 10 μM each), 2 μL 10 × PCR Buffer (Invitrogen), 1.2 μL MgCl2 (25 mM), 0.4 μL dNTP (10 mM), 1.25 U Taq polymerase (Platinum, Invitrogen), and 1 μL of DNA templates (approximately 20 ng), completed with sterilized ultrapure water. PCR amplification was performed in a Mastercycler (Eppendorf), implementing the same cycling conditions for archaeal and bacterial DNA samples (94°C, 5 min; 30 cycles of 94°C, 1 min; 57.5°C, 1 min; 72°C, 2 min, and 72°C, 10 min). All PCR products were checked for quality control on 1% agarose gel electrophoresis, purified with 5-Prime ArchivePure purification kit (Thermo Fisher Scientific) and kept at -20°C until further analysis.

The purified PCR-products were subjected to Illumina Mi-seq high-throughput sequencing (2 × 250 bp, IMGM Laboratories, Germany2). Paired Illumina reads were processed through the high-performance supercomputing resources of the Centro Tecnolóxico de Supercomputación de Galicia (CESGA) as follows: primers and spurious sequences were trimmed using cutadapt (Martin, 2011). Exact amplicon sequence variants (ASVs) were differentiated by implementing dada2 (Callahan et al., 2016) in R Core Team (2017). The approach is threshold free, inferring exact variants up to one nucleotide of difference using the Q scores in a probability model. Sequences were aligned against SILVA 132 16S rRNA database (Quast et al., 2013) as reference. Finally, singletons (ASVs found only once in the final ASV table) were excluded, as they have been shown to likely be the result of PCR or sequencing errors (Huse et al., 2010).



Quantification of Prokaryotic Cells by CARD-FISH

Catalyzed reporter deposition fluorescence in situ hybridization (CARD-FISH) was implemented to quantify the abundance of major prokaryotic groups (Bacteria, Thaumarchaeota, and Euryarchaeota) at selected stations (8, 11, 16, and 111 in Fisterra, and 60, 57 and 115 in Santander), as previously described in Guerrero-Feijóo et al. (2017). Briefly, immediately after sampling, 20–80 mL of seawater were preserved with paraformaldehyde (2% final concentration) and stored at 4°C in the dark. After 12–18 h, samples were filtered onto 0.2 μm polycarbonate filters (Millipore GTTP, 25 mm filter diameter) supported by nitrocellulose filters (Millipore, HAWP, 0.45 μm). Filters were washed twice with 10 mL of Milli-Q water, dried and stored in microcentrifuge vials at –20°C. Then, filters were cut in sections and hybridized with horseradish peroxidase (HRP)-labeled oligonucleotide probes (Supplementary Table 1), followed by tyramide-Alexa488 signal amplification. Cells were counter-stained with a DAPI-mix (DAPI final concentration 2 μg mL–1). Quantification of stained cells was carried out under a Nikon Eclipse 80i epifluorescence microscope equipped with Hg lamp and appropriate filter sets for DAPI and Alexa448. A minimum of 500 DAPI-stained cells were counted per sample.



Statistical Analysis

All statistical analyses were performed in R Core Team (2017). Whether significant differences existed for the environmental variables (temperature, salinity and oxygen concentration, DOC concentration, and DOM optical properties), as well as the relative contributions of prokaryotic groups assessed by CARD-FISH, was tested between transects (Fisterra and Santander) through Student’s t-test, and among depth realms (epi- [<200 m], meso- [200-1000 m], and bathypelagic [>1000 m]) and different sampling depth ranges (≤100 m, 250-700 m, 800-1200 m, 1800-2000 m, 2300-2750 m, ≥3000 m) by One-Way ANOVA and Tukey’s HSD tests. After removing collinear variables, determined by regression analysis (R2 > 0.7, p < 0.001), the final environmental matrix for further analysis was composed by aCDOM254, FDOM-T, FDOM-M, s(275-295), salinity (SAL), and nitrite concentration (NO2–).

To compare the diversity of samples obtained from different sampling efforts (Magurran, 2004), reads were resampled by rarefaction at the minimum number of reads per sample (9718 reads for Archaea and 2002 reads for Bacteria). The percentage of coverage accounted by rarefied data with respect to bulk diversity was calculated by the Good’s coverage estimator (Good, 1953).

From rarefied data, ASV richness [observed (SObs), and estimated by the non-parametric model Chao1 (SChao1) (Chao, 1984)], and Shannon and Simpson diversity indices were calculated. Venn diagrams were built using the R package VennDiagram (Chen and Boutros, 2011). The spatial variability of archaeal and bacterial ASV richness and diversity were explored by determining their correlation with (a) the distance to the coast (km) (horizontal variability) and (b) depth (m) (vertical variability), with MINE function (Reshef et al., 2011). For the significant correlations, linear and quadratic models were fitted, and the best-fitted model was selected according to the lowest Akaike’s information criterion (AIC; Burnham and Anderson, 2002). The rate of horizontal and vertical change for ASV richness and diversity was derived from the slope of the best fitted models. The correlation between ASV richness and diversity with respect to the environmental variables was determined by Spearman’s correlation test.

Bray-Curtis dissimilarity matrices were calculated after Hellinger transformation of rarefied reads per sample (Legendre and Gallagher, 2001), which gives low weights to variables with low counts and many zeroes (Ramette, 2007; Paliy and Shankar, 2016). An analysis of similarities (ANOSIM) was performed to test the null hypothesis that there were no differences in community assemblages either between sections, or among stations, depth ranges or depth realms within each section. The global R in ANOSIM represents the separation degree between groups; R = 0 indicates no separation (completely random grouping), whereas R = 1 suggests complete separation (Oksanen et al., 2012). SIMPER analysis was implemented to identify the ASVs which mostly accounted for the dissimilarity among samples. Hierarchical clustering analysis was used to examine multivariate similarities among the communities.

Due to the high ASV richness found, relative abundance, co-occurrence and RDA analyses were based on “abundant phylotypes,” those representing more than 1% of the total number of reads in the corresponding data set (Archaea and Bacteria). They can be individual ASVs, or groups of rare ASVs pooled at higher taxonomic-rank levels (e.g., rare ASVs within the same genus, rare genus within the same order, etc.) until reaching relative abundance > 1%. Phylotypes with relative abundance lower than 1% after adding up at phylum level were pooled in “Others.”

A pair-wise analysis was implemented (cooccur package; Griffith et al., 2016) to determine pairs of archaeal and bacterial abundant phylotypes with significant (p < 0.05) associations. The probabilistic model of species co-occurrence (Veech, 2013) determines the probability that the observed frequency of co-occurrence is significantly large and greater than expected (positive association), significantly small and less than expected (negative association), or not significantly different and approximately equal to expected (random association). Finally, redundancy analysis (RDA) was performed to assess how much of the variation in the dissimilarity matrix could be explained by the variation in the final set of non-correlated environmental variables.




RESULTS


Hydrographic Conditions

Sampling depths were chosen according to differences in the hydrographic parameters (Table 1 and Supplementary Figure 1) throughout the water column (0-5000 m). Maximum and minimum temperatures were found at surface and bottom waters, respectively, in both transects. Salinity showed minimum values at the deep bottom in Fisterra and at the surface in Santander, while maximum salinity, higher in Fisterra than in Santander, was found in both sections at ∼1000 m depth, in association with minimum O2 concentrations. In general, significant differences (ANOVA, p < 0.001 and Tukey’s test, p < 0.001) were found for temperature, salinity and O2 concentration among epi-, meso-, and bathypelagic realms in both sections, and among the depth ranges except for the homogeneous bathypelagic realm (i.e., no significant differences were found among 1800-2000 m, 2300-2750 m, and ≥3000 m depth ranges) (Supplementary Figure 1).


TABLE 1. Range of variability (minimum-maximum) of the hydrographic features at the different sampling depth ranges during MODUPLAN cruise along (A) Fisterra and (B) Santander sections.
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In Fisterra, upwelling conditions before the cruise (Supplementary Figure 2A) resulted in the development of a filament, which exported chlorophyll-enriched waters towards offshore stations (Supplementary Figure 3A). Fisterra section was sampled during the relaxation of this upwelling episode, resulting in the onshore movement of the superficial front between warmer offshore waters (around the 18°C isotherm) and upwelled cold coastal waters. In Santander, the exportation of high-chlorophyll waters from the French shelf partially reached our hydrographical section (Supplementary Figure 3B). Stations closer to the coast were sampled at the end of the cruise, when favorable conditions induced coastal upwelling (Supplementary Figure 2B), shown by the steeply sloping of the isotherms (Supplementary Figure 1A). The squared Brunt-Väissälä frequency (N2) profiles (Supplementary Figure 4) revealed stratified conditions in the upper water column, with maximum stratification (highest N2 values) underneath the mixed layer depth, which was shallow along the two transects (∼5 m at coastal stations, increasing up to only >20 m at offshore stations and station 62 in the Santander section), and above ∼100 m depth. The concentrations of the inorganic nutrients (nitrate, nitrite, and phosphate) showed similar vertical profiles at both sections (Table 1; Supplementary Figure 5; and Supplementary Table 2).



Spatial (Horizontal and Vertical) Variability of DOM

Mean values of protein-like DOM (FDOM-T) (Figure 2B), humic-like substances (FDOM-M) (Figure 2C) and the absorption index at 340 nm (aCDOM340) (Figure 2E) were significantly higher in Santander than in Fisterra (Student’s t-Test, p < 0.05), while no significant differences were found between sections for DOC (Figure 2A), aCDOM254 (Figure 2D) and aCDOM365 (Figure 2F), and the slope s(275-295) (Figure 2G). DOC and the DOM optical indices tended to be higher in coastal than in offshore stations, and to decrease from surface to deep waters, in both sections. Only the fluorescence of marine humic-like substances (FDOM-M) was higher in deep than in subsurface waters, except for coastal stations at Santander section, where it showed maximum values in subsurface waters. One-way ANOVA and post hoc Tukey’s test (Supplementary Figure 6) revealed that meso- and bathypelagic depth realms were similar to each other in terms of the DOM optical signature, but significantly different to the epipelagic realm. The exception was the spectral slope s(275-295), showing no significant differences throughout the water column.
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FIGURE 2. Spatial distribution of DOM variables along Fisterra (left) and Santander (right) sections, in the NW Iberian upwelling system and adjacent open-ocean: (A) Dissolved organic carbon concentration (DOC, μmol C L–1), (B) FDOM-T (QSU), fluorescence of labile protein-like DOM, (C) FDOM-M (QSU), fluorescence of humic-like compounds, (D) aCDOM254 (m–1), the absorbance of DOM at 254 nm; (E) aCDOM340 (m–1), the absorbance of DOM at 340 nm; (F) aCDOM365 (m–1), the absorbance of DOM at 365 nm; and (G) s(275-295), the 275-295 nm spectral slope. Light and dark blue squares indicate respectively meso- (201-1000 m) and bathypelagic (>1000 m) realms. Numbers overhead denote the sampling stations.




Abundance of the Major Prokaryotic Groups Assessed by CARD-FISH

In Fisterra (Supplementary Table 3A), the average contributions of Bacteria, Thaumarchaeota, and Euryarchaeota were not significantly different among depth realms (ANOVA, p > 0.05), accounting for ∼60, ∼13, and ∼5% of the total prokaryotic community through the water column, respectively. In Santander (Supplementary Table 3B), Bacteria represented on average 66% of total prokaryotes through the water column (ANOVA, p > 0.05), Thaumarchaeota contributed significantly less in epi- (∼9%) than in meso- (∼16%) and bathypelagic waters (∼16%) (ANOVA, p < 0.05 and post hoc Tukey’s test, p < 0.01), while Euryarchaeota showed the opposite pattern, with a significantly higher contribution in epi- (∼9%) than in meso- (∼6%) and bathypelagic (∼4%) realms (ANOVA, p < 0.05 and Tukey’s test, p < 0.01).



Prokaryotic ASV Richness and Diversity

After rarefaction, 1078698 sequences for Archaea and 254254 sequences for Bacteria were saved and classified into 855 archaeal ASVs (SAObs) and 3928 bacterial ASVs (SBObs). Averaged Good’s coverage estimates were 99.9 and 97.5% for Archaea and Bacteria, respectively, with respect to bulk prokaryotic communities (Supplementary Table 4), showing that our rarefied data successfully unveiled the diversity of the studied communities. Fisterra section harbored a higher number of unique ASVs (not found in Santander) than Santander, although most of the archaeal and bacterial ASVs (∼84% of SAObs and ∼71% of SBObs) were shared between the two sections (Supplementary Figure 7, left panel). For Archaea (Supplementary Figure 7, upper panel), ∼49% of the ASVs were shared among depth realms, although bathypelagic waters harbored the highest number of unique ASVs (96 ASVs, 11.2% of SAObs, found only at this depth realm). Compared to Archaea, only a moderate ∼22% of SBObs was shared among depth realms for bacterial communities (Supplementary Figure 7, bottom panel). The highest number of unique bacterial ASVs (930, 22.4% of SBObs) was found also in bathypelagic waters.



Spatial Patterns of Diversity and Structure of Prokaryotic Assemblages

Prokaryotic alpha-diversity showed no relationship with the distance from the coast, but it was significantly correlated with depth (Supplementary Figure 8 and Supplementary Table 5). Archaeal ASV richness (MIC = 0.527, p < 0.001) and Shannon diversity index (MIC = 0.623, p < 0.001) increased linearly with depth. For Bacteria, only the Shannon index showed a significant quadratic relationship with depth (MIC = 0.336, p < 0.001), varying at a non-constant rate through the water column. The spatial patterns derived from ASVs richness estimated by the Chao1 non-parametric estimator, as well as Simpson diversity index, were similar to those found from the observed ASV richness and Shannon diversity index, respectively (data not shown).

The ANOSIM analysis revealed absence of significant differences between Fisterra and Santander sections as well as among sampling stations within each section, considering the entire water column. For particular depth realms, only bathypelagic Archaea were significantly different between Fisterra and Santander (R = 0.336, p < 0.001). Conversely, large and significant differences in community composition were shown among sampling depth ranges (R = 0.393, p < 0.001 for Archaea; R = 0.679, p < 0.001, for Bacteria) and depth realms (R = 0.444, p < 0.001, for Archaea; R = 0.723, p < 0.001, for Bacteria). A subsequent SIMPER analysis identified that, on average, ∼12 ASVs out of a total of 855 (1.4% of SAobs) for Archaea, and ∼110 ASVs out of 3928 (2.8% of SBobs) for Bacteria, cumulatively accounted for 50% of compositional differences in prokaryotic communities among epi-, meso-, and bathypelagic realms.

Archaeal communities were composed of 32 abundant phylotypes (individually abundant ASVs, or groups of rare ASVs pooled within a given taxonomic level, accounting for >1% of the total number of reads) (see Table 2 for further details about nomenclature), while bacterial communities accounted for 38 abundant phylotypes (Table 3). Both prokaryotic communities were split in 4 clusters (Figure 3 for Archaea and Figure 4 for Bacteria): upper subsurface (cluster 1, mostly samples from 0 to <100 m depth); lower subsurface (cluster 2, including mostly samples from ∼100 to 250 m); intermediate (cluster 3, most of the samples collected between 500 and 2000 m); and deep (cluster 4, predominantly, depth ≥ 2000 m). Further details about the differences in community composition among the four clusters are available in Supplementary Figures 11, 12 for Archaea and Bacteria, respectively.


TABLE 2. Taxonomy and nomenclature of the Archaea abundant phylotypes (individually abundant ASVs, or groups of rare ASVs, with relative abundance > 1% of the total number of reads in the corresponding data set).
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TABLE 3. Taxonomy and nomenclature of the Bacteria abundant phylotypes (individually abundant ASVs, or groups of rare ASVs, with relative abundance > 1% of the total number of reads in the corresponding data set).
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FIGURE 3. Cluster dendrogram based on Bray-Curtis dissimilarity (after Hellinger transformation) among samples, associated to the plot of community composition in terms of the relative abundance (%) of abundant (relative abundance higher than 1% of total number of sequences in the dataset) Archaea phylotypes per sample for panels (A) Fisterra, and (B) Santander sections. Red-dashed line shows 50% of dissimilarity. Boxes help to visualize the 4 different clusters: cluster 1 = upper subsurface (≤100 m, blue); cluster 2 = lower subsurface (100-500 m, purple); cluster 3 = intermediate (500–2000 m, orange); cluster 4 = deep communities (≥2000 m, green). See Table 2 for further details on the taxonomy of abundant archaeal phylotypes. For comparative purposes, the same analysis, but constructed under the classical equal-taxonomic-level grouping approach, is shown in Supplementary Figure 9.
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FIGURE 4. Cluster dendrogram based on Bray-Curtis dissimilarity (after Hellinger transformation) among samples, associated to the plot of community composition in terms of the relative abundance (%) of abundant (with relative abundance higher than 1% of total number of sequences in the dataset) Bacteria phylotypes per sample: (A) Fisterra, and (B) Santander sections. Red-dashed line shows 50% of dissimilarity. Boxes help to visualize the 4 different clusters: cluster 1 = upper subsurface (depth ≤ 100 m, blue); cluster 2 = lower subsurface (100-500 m, purple); cluster 3 = intermediate (500-2000 m, orange); cluster 4 = deep communities (≥2000 m, green). See Table 3 for further details on the taxonomy of abundant bacterial phylotypes. For comparative purposes, the same analysis, but constructed under the classical equal-taxonomic-level grouping approach, is shown in Supplementary Figure 10.


The abundant ASVs/phylotypes conforming archaeal and bacterial communities displayed 3 different vertical patterns of relative abundance throughout the water column: (i) high abundance at subsurface communities (clusters 1, 2, or both) but (almost) absence at intermediate and deep samples (clusters 3, 4, or both); (ii) the opposite trend, i.e., high abundance in clusters 3, 4, or both, but (almost) absence in clusters 1 and 2; and (iii) roughly constant relative abundance throughout the water column. These 3 distinctive patterns were found, for instance, among the 7 most abundant ASVs within the archaeal family Nitrosopumilaceae (Thaum._Nit_Nit_Nit_1 to _7; Supplementary Figures 11L-O) and among the 9 most abundant ASVs belonging to the order Marine Group II (MarG.II_1 to _9; Supplementary Figures 11B-F). For Bacteria, one ASV belonging to SAR202 was individually abundant, especially in cluster 3, while the other 318 ASVs were rare (grouped into SAR202_others) throughout the water column (Supplementary Figure 12D). These differential distributions for abundant ASVs/phylotypes were undetected with the classical grouping method at equal-taxonomic level (Supplementary Figure 9 for Archaea and Supplementary Figure 10 for Bacteria).



Prokaryotic Co-occurrence Associations

Only a few ASVs/phylotypes showed completely random relationships with their partners, i.e., their presence does not suggest the others’ presence or absence (Supplementary Figure 13), such as Flavobacteriaceae, comprising 160 ASVs, and SAR406, comprising of 274 ASVs. Conversely, most of the phylotypes have shown positive and/or negative co-occurrence relationships with up to ∼60% of the other phylotypes. The co-occurrence semi-matrix (Figure 5) was mainly composed by two groups: (i) phylotypes predominantly and positively (blue triangle) related to each other, with higher relative abundance at intermediate and deep waters (green-dashed ellipse, clusters 3 and 4; see Figures 3, 4 for Archaea and Bacteria, respectively), such as Thaum._Nit._Nit._Nit._1, _2, _3, _4 and _7, or SAR202_others; and (ii) phylotypes found throughout the water column (yellow ellipse), such as MarG.III and SAR406. The latter included a subgroup of phylotypes particularly abundant at subsurface waters (purple ellipse, clusters 1 and 2), such as SAR11-Clade_Ia, SAR116 and Thaum._Nit._Nit._Nit._5. These showed mostly negative co-occurrence relationships (red box) with the phylotypes included in the first group (green-dashed ellipse), such as between the closely related SAR11-Clade_Ia and SAR11-Clade_Ib, and Thaum._Nit._Nit._Nit._4 and _5. Additionally, both positive and negative co-occurrence relationships were found between members of the Archaea and Bacteria domains. For instance, C.Actinomarina_1 was present together with the archaeal ASVs MarG.II _2 and _6, however, negative co-occurrence was shown with respect to MarG.II_1 and _4.
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FIGURE 5. Co-occurrence (semi-)matrix. Blue and orange squares denote, respectively, positive and negative co-occurrence between pairwise abundant phylotypes, while gray squares mean random relationship between them. The green-dashed ellipse shows a group of ASVs/phylotypes mainly found in intermediate and deep communities (clusters 3 and 4), while the yellow ellipse includes abundant phylotypes found through the entire water column. The purple ellipse shows a sub-group of phylotypes found in higher relative abundance at upper and lower subsurface waters (clusters 1 and 2). The blue triangle and the red box highlight groups with mainly positive and negative co-occurrence relationships, respectively. See Tables 2, 3 for further details on the taxonomy of abundant archaeal and bacterial phylotypes, respectively.




Hydrography and DOM Driving Prokaryotic Assembly

Archaeal and bacterial alpha-diversity metrics were not correlated with the environmental variables [salinity, nitrite concentration, FDOM-T, FDOM-M, aCDOM254, and s(275-295)]. The exception was a moderate inverse monotonic relationship between archaeal alpha-diversity (SAObs and ShannonA) and both FDOM-T and aCDOM254 (Supplementary Table 6).

The RDA analysis revealed the best set of hydrographic and DOM quality parameters explaining the vertical structure of prokaryotic communities (Figure 6). Prokaryotic assemblages inhabiting deep waters (particularly MarG.II _4 and Thaum._Nit._Nit._Nit._1, _2, _4, _5 and _6 in the Archaea domain, and Pla3_lineage, SUP05_cluster_others, SAR202, SAR324_MG_B, and Others in Bacteria) were strongly linked to FDOM-M. Interestingly, some upper bathypelagic (average depth = 1700 m) archaeal samples from Fisterra (black circle) were included in the intermediate cluster, dominated by Thaum._Nit._Nit._Nit._3 and _7, and MarG.II_7, _8 and _9 and influenced by FDOM-M and salinity. Conversely, bacteria in the intermediate cluster were mainly related to FDOM-M but not influenced by salinity. Upper subsurface Archaea assemblages (particularly MarG.II_2, _6 and _others) were strongly linked to aCDOM254 and FDOM-T, and in a lesser extent to nitrite concentration, whereas lower subsurface Archaea assemblages were mainly associated to salinity (linked to C.Nitrosopelagicus_others and _1, and MarG.II_3) and the slope s(275-295) (linked to C.Nitrosopumilus_1 and _2, and to C.Nitrosopelagicus_1 and _2). However, both upper and lower subsurface bacterial assemblages were related to aCDOM254, nitrite concentration, FDOM-T, salinity and s(275-295). Those variables showed, however, different influence over specific phylotypes. While aCDOM254 and the slope s(275-295) were mainly related to Rhodobacteraceae, Cyanob._Oxyphotob., and Flavobacteriac., FDOM-T was linked to SUP05_cluster_2 and C.Actinomarina_others. Likewise, salinity was mainly associated to Planctomycetales and C.Actinomarina_2, whereas nitrite concentration mainly influenced the distribution of Rhodopirellula, Planctomyc._others, and Phycisphaeraceae (Planctomycetes).
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FIGURE 6. Redundancy analysis (RDA) derived from Hellinger-standardized relative abundance for the abundant phylotypes of panels (A) Archaea and (B) Bacteria, and abiotic (environmental and DOM-related) variables, after removing collinear variables. The arrow length represents the strength of the correlation between the environmental variables and the samples. The longer the arrow length, the stronger the correlation. The perpendicular distance between the samples or the abundant phylotypes and the environmental variables reflects their correlations. The smaller the distance, the stronger the correlation. Samples are color-coded as a function of: (1) cluster, based on community dissimilarity (see Figure 4 for Archaea and Figure 5 for Bacteria); (2) transect (FIST = Fisterra, green, and SANT = Santander, orange); (3) depth realm [E = Epipelagic (<200 m), M = Mesopelagic (200–1000 m), and B = Bathypelagic (>1000 m)]; and (4) sampling depth range (m). See Tables 2, 3 for further details on the taxonomy of abundant archaeal and bacterial phylotypes, respectively. Abbreviations in this figure: A1: Cren._Geothermarchaeac; A2: Eury._Halomicrobiac.; A14: Eury._Thermoc._Methanofast.; A15: Nano._Woesearchaeia; A16: Thaum._MarBenthicGA; A23: C.Nitrosopumilus_others; A32: Thaum._others; B4: Actinob._Sva0996_marine_group; B6: Flavobacter._others; B16: OCS116; B20: AEGEAN-169_marine_group; B21: Magnetospiraceae; B23: SAR11_Clade_Ib; B24: SAR11_Clade_II; B25: SAR11_others; B26: Proteob._Alphap._others; B29: HOC36; B30: Pseudohongiella; B32: SUP05_cluster_1; B34: SUP05_cluster_others; B35: UBA10353_marine_group; B36: Proteob._Gammap._others; B37: Verrucomicrobiae.





DISCUSSION

The study of the spatial dynamics of prokaryotic communities in relation to biotic interactions, hydrographic conditions, and particularly to the quantity and quality of DOM, is essential to better understand the driving forces and the functional traits of individual populations in marine ecosystems. Here, we studied how biotic and abiotic factors drive prokaryotic spatial patterns, niche partitioning, and the differentiation of ecotypes for closely related ASVs/phylotypes, from coastal to offshore and from surface to deep ecosystems, in an upwelling-influenced area.


Vertical Niche Partitioning of Prokaryotic Communities

Our data displayed that most of ASVs were shared between sections. Furthermore, alpha-diversity metrics were not related to the distance to the coast. The horizontal homogeneity in prokaryotic alpha-diversity, previously shown by Hernando-Morales et al. (2018) by comparing bacterial OTU richness from two sites (separated ∼200 km) within the Galician upwelling system, is now extended to ASV-level Archaea and Bacteria diversity and a larger spatial scale (up to ∼600 km), including the Bay of Biscay and offshore waters along coastal-oceanic gradients in the Atlantic Ocean off the Iberian Peninsula. Upwelling filaments off Iberia were previously estimated to export ∼35-58% of the net community production produced in the coastal upwelling systems to the offshore system (Álvarez-Salgado et al., 2007). Furthermore, advection from the French shelf has been shown to reach the Santander hydrographical section (Puillat et al., 2004; Reverdin et al., 2013). Thereby, the associated horizontal transport of subsurface waters may have resulted in the connectivity of prokaryotic communities at the horizontal scale through passive dispersal in the area receiving exported waters. However, the DOM pool is degraded both by photobleaching in surface and by prokaryotic activity (Nieto-Cid et al., 2006) and, in turn, it is modified during this horizontal transport, likely explaining the changes in DOM optical properties found from coastal to offshore stations. On the other side, the substantial number of ASVs shared among epi-, meso- and bathypelagic realms points towards a significant vertical connectivity among prokaryotic communities (Frank et al., 2016; Milici et al., 2016; Mestre et al., 2018). However, the highest number of unique ASVs at bathypelagic waters, as found previously globally (Salazar et al., 2016), along with depth-increasing prokaryotic alpha-diversity and relative abundance of the bacterial group Others (including ∼1000 ASVs in very low relative abundance), highlight the relevance of the “rare biosphere” at the deep dark ocean as a reservoir of genomic diversity (Sogin et al., 2006).

Prokaryotic beta-diversity was similar in the two transects at the different depths, except for the significant differences in archaeal communities in the upper bathypelagic (∼1700 m average depth). One explanation to the latter could be the more notorious signal of the high-salinity and low-oxygen oligotrophic Mediterranean Water (MW) along with a high degree of water mass mixing in Fisterra (Ruíz-Villarreal et al., 2006), evidencing that these upper bathypelagic samples were similar to the intermediate cluster (linked to the salinity signature, attributed to the influence of oligotrophic MW, Figure 6). On the contrary, a significant vertical niche partitioning of prokaryotic communities was found to be consistent for Archaea and Bacteria. Previous studies in the North Atlantic Ocean suggested differences in bacterial community structure among different water masses (Agogué et al., 2011; Frank et al., 2016) and depth realms (Guerrero-Feijóo et al., 2017). In the present study, however, Archaea and Bacteria assemblages were split into four vertical clusters, with the main differences in prokaryotic community composition found between subsurface and deeper communities (Figures 3, 4), according to previous findings at global scale (Sunagawa et al., 2015). We suggest that the division into upper and lower subsurface clusters was likely due to a physical constraint. Upper subsurface communities might be retained within the layer of higher PAR irradiance and stronger stratification (the first 100 m of the water column; Supplementary Figure 4), which limits the vertical mixing of surface waters (Cheng et al., 2020). This result is in accordance with the significant differences in prokaryotic community composition between superficial and deep chlorophyll maximum samples previously found at global scale (Sunagawa et al., 2015). Moreover, there were no differences in community composition within mesopelagic nor bathypelagic depth realms, in accordance with previous investigations (Salazar et al., 2016; Hernando-Morales et al., 2018; Li et al., 2018). Yet, how these vertical patterns might vary with stratification seasonality and mesoscale events in our study area requires further investigation.

Most archaeal and bacterial groups were uneven in terms of abundance. For instance, only 9 out to 246 ASVs belonging to the order MarG.II were abundant (relative abundance > 1% of the total number of reads) individually. In addition, abundant phylotypes were not equally distributed spatially. The three vertical patterns of relative abundance found among prokaryotic members might likely be interpreted as a differentiation between generalists (present throughout the water column) versus specialists (abundant/absent under particular environmental conditions). Among the generalists in their vertical distribution, SAR406 and SAR324 were also found to be generalists in their global-scale horizontal distribution, i.e., they are cosmopolitan (Salazar et al., 2016). On the other side, our approach has allowed to distinguish a variety of spatial distributions for MarG.II relatives, previously undetected in this study area (Guerrero-Feijóo et al., 2017). For instance, some ASVs displayed higher relative abundances at deep than at superficial waters (e.g., MarG.II_1 and _4), according to Rinke et al. (2019). Thus, MarG.II might likely have disparate impacts on carbon remineralization in the marine pelagic environment through their metabolic diversity (Zhang et al., 2015; Tully, 2019), and/or its microdiversity could increase the stability of microbial communities dealing with environmental fluctuation (García-García et al., 2019). Similarly, members of the family Nitrosopumilaceae (Thaumarchaeota) were distributed among the four vertical clusters, differentially related to particular hydrographic parameters and DOM quality indicators, in accordance with the recently demonstrated existence of ecotypes within this archaeal phylum (Reji et al., 2019). Importantly, the existence of depth-ecotypes displayed in this study would be undetectable by using the classical ASVs pooling methodology at equal taxonomic level (Supplementary Figures 9, 10 for Archaea and Bacteria, respectively). A similar result was recently found by Mena and collaborators, who found that seasonal niche partitioning of superficial communities was only unveiled when analyzed at oligotype level, however unseen at order level (Mena et al., 2020).



Co-occurrence Associations Among Prokaryotic Phylotypes

Our results showed a differentiation of the co-occurrence semimatrix into two main groups, suggesting non-randomly assembled communities. Most importantly, both negative and positive co-occurrence relationships were found among taxonomically close relatives. The production of similar suites of DOM has been demonstrated for closely related phytoplankton species (Becker et al., 2014). Likewise, it could be expected that closely related prokaryotic ASVs were responsible for the uptake and remineralization of similar suites of DOM, hence competing for similar resources. Then, environmental forcing may select for ASVs which competitively exclude the others (negative co-occurrence) [e.g., between MarG.II_6 and _7, related to nitrite, and the high-salinity signal of the oligotrophic MW, respectively (Figure 6)]. Alternatively, it may generate niche partitioning, allowing positive co-occurrence among competing ASVs/phylotypes [e.g., among Thaum._Nit._Nit._Nit._1, _2, _3, _4 and _7, all abundant at intermediate/deep communities (Supplementary Figure 11), and related to FDOM-M (Figure 6)]. Likewise, positive co-occurrence was found among ASVs implicated in the sulfur cycle in marine environments, such as Rhodobacteraceae (Pujalte et al., 2014), SAR116 (Choi et al., 2015), SAR11 (Howard et al., 2006), and Cyanob._Oxyphotob. (e.g., McParland and Levine, 2019). These positive co-occurrences might potentially suggest partial functional redundancy (Galand et al., 2018) for ASVs/phylotypes sharing an ecological niche. However, small differences in ecological requirements could allow the coexistence of organisms that share some specific function in the ecosystem (Bryson et al., 2017). Alternatively, they could perform different roles in the marine biogeochemical cycles or experiment potential reciprocal interactions via dissolved organic matter production/transformations (Bayer et al., 2019). For instance, SAR11 requires the thiamine precursor compound 4-amino-5- hydroxymethyl-2-methylpyrimidine (HMP), however they lack the enzyme ThiC that catalyzes the reaction to produce HMP in bacteria (Giovannoni, 2017). According to the Black-Queen Hypothesis [“the beneficiary can stop performing a costly function that is provided by the leaky helper”; (Morris et al., 2012)], HMP production by B1 phototrophic marine cyanobacteria (Carini et al., 2014) would explain the positive co-occurrence found between SAR11 and Cyanob._Oxyphotob. in our studied area.



Hydrography and DOM Quality Indicators Driving Niche Partitioning

Our investigation has found significant links between specific ASVs/phylotypes and different DOM quantity and quality indicators. Prokaryotic assemblages in deep waters, likely depleted in bio-available organic matter, were related to FDOM-M, the fluorescence of resistant humic-like substances generated in situ as a sub-product of microbial respiration (Nieto-Cid et al., 2006), as previously shown in Fisterra (Guerrero-Feijóo et al., 2017), and now extended to the Bay of Biscay. The capacity of some phylotypes to chemolithotrophy, such as Thaumarchaeota (ASVs Thaum._Nit._Nit._Nit._1, _2, _4, _5 and _6), that are ammonia-oxidizing Archaea (Varela et al., 2011; Guerrero-Feijóo et al., 2018; Santoro et al., 2019), and SUP_05 that are nitrate-reducing, sulfur-oxidizing γ-proteobacteria (Bourbonnais et al., 2012) might play a substantial role in sustaining the dark ocean’s respiratory activity. On the other side, the predicted role in high-molecular-weight organic matter degradation of MarG.II turns it into a key-taxon for understanding remineralization in the global ocean (Tully, 2019), particularly the ASVs MarG.II_1 and _4 in deep waters in our study area. Likewise, SAR202, dominant in deep communities, according to Varela et al. (2008), has been found to poses a large number of oxidative enzymes which might catalyze the final steps in the biological oxidation of relatively recalcitrant organic compounds (Landry et al., 2017). Some deep ecotypes could be opportunistic taxa within the bathypelagic assemblages, conferring them a broader capability of substrate utilization (Sebastián et al., 2021). Alternatively, mixotrophy., i.e., carrying out chemolithoautotrophic inorganic carbon fixation and heterotrophy (Sorokin, 2003; Alonso-Sáez et al., 2010) has been recently suggested to represent an ecologically relevant trait for prokaryotes to survive across the global dark ocean (Acinas et al., 2021).

The observed differences on the link between intermediate and subsurface assemblages with hydrography and DOM quality indicators suggest an important disparity between Archaea and Bacteria domains. This disconnection was also found by Pereira et al. (2021), who found that Archaea completely disappeared from superficial waters in the NW Mediterranean Sea during low-productive summer, contrarily to Bacteria that were present all year round. In our study area, archaeal upper subsurface communities were dominated by MarG.II, particularly MarG.II_2 and MarG.II_others. They likely belong to the ecotype MarG.IIA, possessing proteorhodopsins (Santoro et al., 2019), which can generate a light-driven chemiosmotic potential (Frigaard et al., 2006; Iverson et al., 2012). Conversely, archaeal lower subsurface communities (cluster 2) were dominated by MarG.II_3, which was, however, found in very low abundance in cluster 1. We suggest that MarG.II_3 might be likely more sensitive to light intensity or, alternatively, this ASV could exploit organic resources others than those available at upper subsurface waters. Our results also evidenced several ASVs of genera Candidatus Nitrosopumilus and Candidatus Nitrosopelagicus, described as ammonia-oxidizing Archaea (AOA) (Santoro et al., 2019), highly positively related to s(275-295), i.e., to changes in DOM molecular weight and/or aromaticity (Helms et al., 2008). Candidatus Nitrosopumilus has been demonstrated to release hydrophobic amino acids which could be crucial for auxotrophic microbes for these compounds, such as members of SAR11 clade (Bayer et al., 2019). This findings agree with the positive co-occurrence between SAR11_others and C.Nitrosopumilus_2 displayed in this work. The group MarG.III, although present throughout the water column, appeared to be closely related to intermediate communities (cluster 3, influenced by FDOM-M and the MW salinity signature), providing new knowledge on its little-known distribution (Santoro et al., 2019).

Unlike for Archaea, both upper and lower subsurface bacterial communities (clusters 1 and 2) were related to several environmental drivers [aCDOM254, nitrite concentration, FDOM-T, MW salinity signature and s(275-295)], suggesting a wider spectra of niches/metabolisms per cluster. SAR11 was found in relatively lower relative abundance than expected, especially in the stations closer to the coast. Actinobacteria was dominant in the upper subsurface assemblage, in agreement to its globally reported high abundance in the photic zone (Ghai et al., 2013), where they derive energy from the phytoplankton-produced dimethylsulfopropinate (DMSP) (Mizuno et al., 2015). However, C.Actinomarina_others were particularly related to FDOM-T (the fluorescence of labile protein-like molecules), C.Actinomarina_2 to salinity, and C.Actinomarina_1 to nitrite concentration. In the photic layer, where phytoplanktonic production of organic carbon takes place, Flavobacteriac., Cyanob._Oxyphotob., and Rhodobacteraceae were positively related to the aCDOM254, a proxy for the concentration (quantity) of DOC (Lønborg and Álvarez-Salgado, 2014), and in a lesser extent to the spectral slope s(275-295) (aromatic quality of DOM). The higher values of this slope at subsurface waters suggest associations among these phylotypes and the low molecular weight DOM, likely derived from photoreactions reducing DOM molecular weight (Miller and Moran, 1997; Catalá et al., 2018). Several Planctomycetes, which were shown to be involved in different processes regarding N cycling in marine environments, such as N2 fixation (Delmont et al., 2018), anaerobic ammonium-oxidization (Van Teeseling et al., 2015), and dissimilatory nitrate (or nitrite) reduction to ammonia (Pajares and Ramos, 2019), were positively related to nitrite concentration in our study area. This different dependency on environmental forcing for Archaea and Bacteria could allow some niche spaces to be shared by members of these two domains of life, which resulted in positive co-occurrence relationships between Archaea and Bacteria such as found in our study.




CONCLUSION

Our study displayed horizontally homogeneous prokaryotic communities along two coastal-oceanic gradients in the Atlantic Ocean off the Iberian Peninsula, except for the difference in upper bathypelagic Archaea (attributed to the most notorious influence of the MW in Fisterra). Conversely, a significant vertical niche partitioning was revealed for Archaea and Bacteria assemblages, related to the vertical variability in environmental conditions (DOM quality and quantity and hydrography). Deep prokaryotic assemblages were related to refractory humic-like organic matter (FDOM-M), while archaeal and bacterial intermediate and subsurface clusters were differentially linked to DOM quality and hydrography. This different dependence on environmental forcing suggests a differentiation between Archaea and Bacteria in their responses to environmental changing conditions, potentially having a major impact under the predicted climate change scenario. Most importantly, we unveiled the existence of depth-ecotypes for closely related ASVs/phylotypes, previously undetected in the studied area. Overall, our study sheds light on the ecological processes and drivers shaping archaeal and bacterial community structure and ultimately, their biogeography, with implications for the organic matter cycling in marine ecosystems.
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Phylum Class Order Family Genus ID n° ASVs Nomenclature

Actinobacteria  Acidimicrobiia Actinomarinales Actinomarinaceae Candidatus_Actinomarina 1 = Actinob._C.Actinomarina_1

Actinobacteria  Acidimicrobiia Actinomarinales Actinomarinaceae Candidatus_Actinomarina 2 - Actinob._C.Actinomarina_2

Actinobacteria  Acidimicrobiia Actinomarinales Actinomarinaceae Candidatus_Actinomarina others 13 Actinob._C.Actinomarina_others

Actinobacteria  Acidimicrobiia Microtrichales Microtrichaceae Sva0996_marine_group - 24 Actinob._Sva0996_marine_group

Bacteroidetes Bacteroidia Flavobacteriales Flavobacteriaceae = i 160 Bacteroid._Bacteroid._Flavobacter._Flavobacteriac.
Bacteroidetes Bacteroidia Flavobacteriales - - - 144 Bacteroid._Bacteroid._Flavobacter._others
Chloroflexi Dehalococcoidia SAR202_clade s s 1 - Chloroflexi_SAR202

Chloroflexi Dehalococcoidia SAR202_clade s s others 318 Chloroflexi_SAR202_others

Cyanobacteria  Oxyphotobacteria = - s s 79 Cyanob._Oxyphotob.

SAR406 clade - - - - - 274 AR406

Planctomycetes Phycisphaerae Phycisphaerales Phycisphaeraceae - - 177 Planctomyc._Phycisph._Phycisph._Phycisphaeraceae
Planctomycetes  Pla3_lineage - o — — L7 Planctomyc._Pla3_lineage

Planctomycetes Planctomycetacia Pirellulales Pirellulaceae Rhodopirellula - 73 Planctomyc._Planctomyc._Rhodopirellula
Planctomycetes Planctomycetacia Planctomycetales - - - 76 Planctomyc._Planctomyc._Planctomycetales
Planctomycetes Planctomycetacia - - - - 116 Planctomyc._Planctomyc._others

Proteobacteria  Alphaproteobacteria Parvibaculales OCS116_clade = i 2 Proteob._Alphap._Parvibaculales_OCS116
Proteobacteria  Alphaproteobacteria Puniceispirillales SAR116_clade - - 25 Proteob._Alphap._Puniceispirillales_SAR116
Proteobacteria  Alphaproteobacteria Rickettsiales - - - 52 Proteob._Alphap._Rickettsiales

Proteobacteria  Alphaproteobacteria Rhodobacterales Rhodobacteraceae s s 33 Proteob._Alphap._Rhodobacter._Rhodobacteraceae
Proteobacteria ~ Alphaproteobacteria Rhodospirillales AEGEAN-169_marine_group — - 154 Proteob._Alphap._Rhodospir._AEGEAN-169_MG
Proteobacteria ~ Alphaproteobacteria Rhodospirillales Magnetospiraceae - - 59 Proteob._Alphap._Rhodospir._Magnetospiraceae
Proteobacteria  Alphaproteobacteria SAR11_clade Clade_| Clade_la - 7 Proteob._Alphap._SAR11_Clade_la

Proteobacteria  Alphaproteobacteria SAR11_clade Clade_| Clade_Ib — 16 Proteob._Alphap._SAR11_Clade_Ib

Proteobacteria  Alphaproteobacteria SAR11_clade Clade_ll — — 26 Proteob._Alphap._SAR11_Clade_lI

Proteobacteria  Alphaproteobacteria SAR11_clade others - - 55 Proteob._Alphap._SAR11_others

Proteobacteria  Alphaproteobacteria others - - - 121 Proteob._Alphap._others

Proteobacteria  Deltaproteobacteria SAR324_clade(Marine_group_B) - - - - Proteob._Deltap._SAR324 MG_B

Proteobacteria  Deltaproteobacteria SAR324_clade(Marine_group_B) others - - 48 Proteob._Deltap._SAR324_MG_B_others
Proteobacteria ~ Gammaproteobacteria HOC36 - - - 41 Proteob._Gammap._HOC36

Proteobacteria ~ Gammaproteobacteria Oceanospirillales Pseudohongiellaceae Pseudohongiella - 39 Proteob._Gammap._Oceanosp._Pseudohongiella
Proteobacteria ~ Gammaproteobacteria SAR86_clade s s s 86 Proteob._Gammap._SAR86

Proteobacteria ~ Gammaproteobacteria Thiomicrospirales Thioglobaceae SUPO05_cluster 1 - Proteob._Gammap._Thiomicrosp._SUPO05_cluster_1
Proteobacteria ~ Gammaproteobacteria Thiomicrospirales Thioglobaceae SUPO05_cluster 2 - Proteob._Gammap._Thiomicrosp._SUPO5_cluster_2
Proteobacteria ~ Gammaproteobacteria Thiomicrospirales Thioglobaceae SUPO05_cluster others 21 Proteob._Gammap._Thiomicrosp._SUPO5_cluster_others
Proteobacteria ~ Gammaproteobacteria UBA10353_marine_group - - - 37 Proteob._Gammap._UBA10353_marine_group
Proteobacteria ~ Gammaproteobacteria — - - - 462 Proteob._Gammap._others

Verrucomicrobia Verrucomicrobiae - = - - 150 Verrucomicr._Verrucomicrobiae

Others = = - - — 966 Others

ID identifies ASV's which are individually abundant (number), or a phylotype composed by pooled rare ASVs (others), within a given taxonomic level. N° ASVs indicates the number of different rare ASVs pooled into the

corresponding abundant phylotype. Short names in bold are used throughout the main text instead of the complete nomenclature.
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(A) Depth range (m) Temperature (°C) Salinity [0,] (wmol kg—1) PO,4%- (wmol L) NO,~ (wmol L~1) NOz~ (wmol L~1)
<100 11.84-20.65 35.54-35.86 193.47-275.24 0.01-0.55 0.02-0.80 0-9.14
250-700 11.19-12.38 35.61-35.88 185.46-240.39 0.38-0.78 0.02-0.27 6.85-14.28
800-1200 4.59-11.46 35.09-36.13 185.63-179.00 0.78-0.90 0.02-0.09 13.24-16.84
1800-2000 4.18-4.71 35.04-35.13 247.79-259.07 0.87-1.34 0.02-0.92 17.36-18.37
2300-2750 2.91-3.41 34.95-34.98 263.44-246.90 1.05-1.34 0.03-0.27 18.80-20.34
>3000 2.48-2.54 34.90-34.91 240.21-242.40 1.07-1.46 0.02-0.19 19.09-22.52
(B) Depth range (m) Temperature (°C) Salinity [0,] (wmol kg—1) PO,43- (wmol L) NO,~ (wmol L~1) NOz~ (wmol L~1)
<100 11.92-21.67 34.63-35.62 223.18-273.61 0.01-0.36 0.02-0.56 0-7.98
250-700 11.14-11.84 35.61-35.63 216.41-245.34 0.35-0.60 0.02-0.28 6.94-12.98
800-1200 9.72-9.95 35.78-35.80 184.02-189.09 0.70-0.93 0.03-0.22 17.18-17.25
1800-2000 3.85-4.68 35.02-35.10 244.75-248.03 1.07-1.14 0.03-0.51 12.25-18.99
2300-2750 2.90-3.27 34.95-34.97 244.75-249.27 1.02-1.20 0.04-0.37 20.74-21.08
>3000 2.49-2.66 34.90-34.93 239.31-244.42 1.20-1.44 0.05-0.18 22.26-22.47

[02], oxygen concentration; PO43~, phosphate concentration; NOz™~, nitrate concentration.
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Crenarchaeota Crenarchaeota_Incertae_Sedis  Aigarchaeales Geothermarchaeaceae - - Cren._Geothermarchaeac.

Euryarchaeota Halobacteria Halobacteriales Halomicrobiaceae — - Eury._Halomicrobiac.

Euryarchaeota Thermoplasmata arine_Group_| - - 1 - Eury._Thermop._MarG.lI_1

Euryarchaeota Thermoplasmata arine_Group_| - - 2 - Eury._Thermop._MarG.ll_2

Euryarchaeota Thermoplasmata arine_Group_| - - 3 - Eury._Thermop._MarG.ll_3

Euryarchaeota Thermoplasmata arine_Group_| - - 4 - Eury._Thermop._MarG.ll_4

Euryarchaeota Thermoplasmata arine_Group_| - - 5 - Eury._Thermop._MarG.ll_5

Euryarchaeota Thermoplasmata arine_Group_| - - 6 - Eury._Thermop._MarG.ll_6

Euryarchaeota Thermoplasmata arine_Group_| - - T - Eury._Thermop._MarG.ll_7

Euryarchaeota Thermoplasmata arine_Group_| - - 8 - Eury._Thermop._MarG.ll_8

Euryarchaeota Thermoplasmata arine_Group_| - - 9 - Eury._Thermop._MarG.ll_9

Euryarchaeota Thermoplasmata arine_Group_| - - others 237 Eury._Thermop._MarG.ll_others
Euryarchaeota Thermoplasmata arine_Group_lll - - - 71 Eury._Thermop._MarG.lll

Euryarchaeota Thermococci ethanofastidiosales - — - 1 Eury._Thermoc._Methanofast.
Nanoarchaeaeota  Woesearchaeia ~ — — - 48 Nano._Woesearchaeia

Thaumarchaeota Marine_Benthic_Group_A - - - - 32 Thaum._MarBenthicGA

Thaumarchaeota Nitrososphaeria Nitrosopumilales Nitrosopumilaceae Candidatus Nitrosopelagicus 1 - Thaum._Nit._Nit._Nit._C.Nitrosopelagicus_1
Thaumarchaeota Nitrososphaeria Nitrosopumilales Nitrosopumilaceae Candidatus Nitrosopelagicus 2 - Thaum._Nit._Nit._Nit._C.Nitrosopelagicus_2
Thaumarchaeota Nitrososphaeria Nitrosopumilales Nitrosopumilaceae Candidatus Nitrosopelagicus 3 - Thaum._Nit._Nit._Nit._C.Nitrosopelagicus_3
Thaumarchaeota Nitrososphaeria Nitrosopumilales Nitrosopumilaceae Candidatus Nitrosopelagicus  others 87 Thaum._Nit._Nit._Nit._C.Nitrosopelagicus_others
Thaumarchaeota Nitrososphaeria Nitrosopumilales Nitrosopumilaceae Candidatus_Nitrosopumilus 1 - Thaum._Nit._Nit._Nit._C.Nitrosopumilus_1
Thaumarchaeota Nitrososphaeria Nitrosopumilales Nitrosopumilaceae Candidatus_Nitrosopumilus 2 - Thaum._Nit._Nit._Nit._C.Nitrosopumilus_2
Thaumarchaeota Nitrososphaeria Nitrosopumilales Nitrosopumilaceae Candidatus_Nitrosopumilus others 50 Thaum._Nit._Nit._Nit._C.Nitrosopumilus_others
Thaumarchaeota Nitrososphaeria Nitrosopumilales Nitrosopumilaceae - - Thaum._Nit._Nit._Nit._1

Thaumarchaeota Nitrososphaeria Nitrosopumilales Nitrosopumilaceae - 2 - Thaum._Nit._Nit._Nit._2

Thaumarchaeota Nitrososphaeria Nitrosopumilales Nitrosopumilaceae - 3 - Thaum._Nit._Nit._Nit._3

Thaumarchaeota Nitrososphaeria Nitrosopumilales Nitrosopumilaceae - 4 - Thaum._Nit._Nit._Nit._4

Thaumarchaeota Nitrososphaeria Nitrosopumilales Nitrosopumilaceae - 5 - Thaum._Nit._Nit._Nit._5

Thaumarchaeota Nitrososphaeria Nitrosopumilales Nitrosopumilaceae - 6 - Thaum._Nit._Nit._Nit._6

Thaumarchaeota Nitrososphaeria Nitrosopumilales Nitrosopumilaceae - 7 - Thaum._Nit._Nit._Nit._7

Thaumarchaeota Nitrososphaeria Nitrosopumilales Nitrosopumilaceae - others 296 Thaum._Nit._Nit._Nit._others
Thaumarchaeota s - - - others 8 Thaum._others

ID identifies ASV's which are individually abundant (number), or a phylotype composed by pooled rare ASVs (others), within a given taxonomic level. N° ASVs indicates the number of different rare ASVs pooled into the
corresponding abundant phylotype. Short names in bold are used throughout the main text instead of the complete nomenclature.





OPS/images/logo.jpg
’ frontiers
in Marine Science





