

[image: Spatial and seasonal distribution of selected nitrogen cycle genes in deep waters of the Baltic Proper]
Spatial and seasonal distribution of selected nitrogen cycle genes in deep waters of the Baltic Proper





ORIGINAL RESEARCH

published: 10 February 2025

doi: 10.3389/fmars.2025.1456825

[image: image2]


Spatial and seasonal distribution of selected nitrogen cycle genes in deep waters of the Baltic Proper


Michał Grabski 1,2, Ewa Kotlarska 3, Aneta Łuczkiewicz 4, Konrad Hryniewicz 5, Grzegorz Węgrzyn 1 and Beata Szymczycha 2*


1Department of Molecular Biology, Faculty of Biology, University of Gdańsk, Gdańsk, Poland, 2Department of Marine Chemistry and Biochemistry, Institute of Oceanology of the Polish Academy of Sciences, Sopot, Poland, 3Department of Genetics and Marine Biotechnology, Institute of Oceanology of the Polish Academy of Sciences, Sopot, Poland, 4Faculty of Civil and Environmental Engineering, Gdańsk University of Technology, Gdańsk, Poland, 5Department of Marketing and Quantitative Methods, Faculty of Management and Quality Science, Gdynia Maritime University, Gdynia, Poland




Edited by: 

Nicholas David Ward, Pacific Northwest National Laboratory (DOE), United States

Reviewed by: 

Allison Moreno, University of California, Santa Cruz, United States

Mindaugas Zilius, Klaipėda University, Lithuania

Sreejata Bandopadhyay, Pacific Northwest National Laboratory (DOE), United States

*Correspondence: 

Beata Szymczycha
 beatsz@iopan.pl


Received: 29 June 2024

Accepted: 16 January 2025

Published: 10 February 2025

Citation:
Grabski M, Kotlarska E, Łuczkiewicz A, Hryniewicz K, Węgrzyn G and Szymczycha B (2025) Spatial and seasonal distribution of selected nitrogen cycle genes in deep waters of the Baltic Proper. Front. Mar. Sci. 12:1456825. doi: 10.3389/fmars.2025.1456825



Marine nitrogen cycle ultimately depends on the biological responses of oceanic microbial communities. It indirectly regulates primary production and influences the strength of the biological pump, which contributes to the oceanic uptake of atmospheric carbon dioxide (CO2). As the microbial community structure and functional capacities remain underestimated in terms of temporal and geographical coverage in the Baltic Sea, our understanding of the nitrogen cycle with respect to ecosystem functioning and climate change is limited. Therefore, in this study, we investigated the seasonal and spatial structure of microbial community abundance involved in the nitrogen loss (denitrification, anammox), reduction processes (dissimilatory nitrate reduction (DNR), dissimilatory nitrite reduction to ammonium (DNRA), and oxidation process (nitrification) in the Baltic Proper (Bornholm Deep, Gdańsk Deep, and Gotland Deep). Specifically, we focused on waters below the halocline at depths ranging from 75 to 135 m, characterized by changeable oxygen conditions. The potential of selected nitrogen processes was resolved by mapping raw reads against nitrogen cycle genes identified in de novo assembled metagenomes. Taxonomic analysis of bacterial and archaeal communities, based on paired-end raw reads, revealed that nitrification, DNR, and denitrification potential were primarily associated with the Nitrosopumilaceae and Thioglobaceae families within these phyla. Ammonia oxidation products likely fueled the production of nitrous oxide (N2O), with nitric oxide reductase (NOR)—an enzyme encoded by the Thioglobaceae genome—being responsible for further reduction. Anammox-related genes were not present within sites, thus denitrification pathway enzymes, namely, NOR and N2O reductase (NOS) were responsible for nitrogen loss. At all sites, genes encoding nitrogen reduction enzymes were most abundant, while the presence of NOS encoding genes was found in Bacteroidetes and Proteobacteria phyla within all sites. Our findings revealed no significant spatial variation, suggesting that the studied ecosystem exhibits a consistent nitrogen processing capacity across different locations. However, seasonality emerged as a key factor, as changes in nutrient and oxygen conditions throughout the year significantly influence microbial activity and the associated nitrogen-cycling processes.
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1 Introduction

Nitrogen (N) is an essential element for all living organisms and plays a critical role in the functioning of marine ecosystems. The largest nitrogen reservoir is the atmosphere; however, it is biologically available primarily to a limited yet diverse group of nitrogen-fixing bacteria and archaea. Other microorganisms must utilize bioavailable forms of nitrogen, such as ammonium and nitrate. The availability of these forms in the oceans regulates primary production and influences the strength of the biological pump, which contributes to the oceanic uptake of atmospheric carbon dioxide (CO2) (Galloway et al., 2008; Gruber and Galloway, 2008; Pajares and Ramos, 2019). The nitrogen biogeochemical cycle has been greatly disturbed by human activities (Fowler et al., 2013). The global supply of dissolved inorganic nitrogen (DIN) doubled during the last half of the twentieth century (Beusen et al., 2016). Anthropogenic inputs of nitrogen, estimated at ~160 Tg N year-¹, now nearly match the total natural nitrogen fixation in the ocean (~250 Tg N year-¹) and are expected to rise with global population growth, depending on societal efforts to limit nitrogen fluxes (Gruber and Galloway, 2008). This excess nitrogen has contributed to the degradation of many marine ecosystems by promoting harmful algal blooms, eutrophication, and the development of hypoxic and anoxic zones (Devlin and Brodie, 2023). Projections suggest that by 2050, human production of DIN could be approximately twice as high as it was in the 1990s (Malone and Newton, 2020). Currently, the global nitrogen balance appears to be shifting toward higher nitrogen losses (estimated at ~275–481 Tg N year-¹) compared to the combined natural and anthropogenic inputs (~265–294 Tg N year-¹) (Voss et al., 2013).

The primary natural source of nitrogen in the ocean is N2 fixation, while the major removal pathways are denitrification and anammox (Gruber and Galloway, 2008). Denitrification can be categorized into heterotrophic and autotrophic processes, with the Baltic Sea being particularly noted for its autotrophic denitrification, where bacteria utilize reduced inorganic compounds instead of organic carbon as electron donors (Burgin and Hamilton, 2007; Bonaglia et al., 2016; 2017; Kuliński et al., 2021). Several other nitrogen transformations play significant roles in the nitrogen cycle in the Baltic Sea, including ammonification, nitrification, dissimilatory nitrate reduction (DNR), dissimilatory nitrite reduction to ammonia (DNRA), complete ammonia oxidation to nitrate (comammox), and nitrate-/nitrite-dependent anaerobic methane oxidation (N-Damo).

The Baltic Sea exhibits unique and complex environmental conditions, creating natural gradients and variability that influence nitrogen transformations (Kuliński et al., 2021). A defining feature of the Baltic Proper is the presence of a permanent halocline, which restricts vertical mixing (Liblik et al., 2018). As a result, the deep waters are characterized by permanent anoxia, hypoxia, or fluctuating oxygen levels, shifting from oxic to hypoxic/anoxic states depending on the frequency and magnitude of inflows of oxygenated saline water from the North Sea (Liblik et al., 2018). In this context, hypoxia in the Baltic Sea is defined as oxygen concentrations below 90 µmol L-¹, while anoxia refers to oxygen levels below 2.4 µmol L-¹ (Liblik et al., 2018). Investigating these deep waters provides crucial insights into the nitrogen cycle and its variability under different oxygen gradients. This is especially relevant given the global decline in dissolved oxygen and the expansion of oxygen-deficient zones in the oceans, which have wide-ranging implications for biogeochemical cycles and aerobic organisms (Stramma et al., 2010). Several recent studies have explored microbial community composition and nitrogen cycle processes, primarily focusing on sediments (Bonaglia et al., 2017; Reyes et al., 2017; Zhang et al., 2022), with limited attention to water column studies (Mazur-Marzec et al., 2024). Nevertheless, water column denitrification has been identified below the halocline in the deep Baltic Sea—mostly Gotland Deep (Kuliński et al., 2021). Additionally, a close coupling between nitrification and denitrification, driven by Archaea (Thaumarchaeota, particularly Nitrosopumilus maritimus, Kraft et al., 2022), has been observed (Kuliński et al., 2021). In contrast, anammox appeared to play a less significant role in the redoxcline, likely due to the absence of an extended anoxic and sulfide-free zone, which is typical in habitats for anammox bacteria, such as the Black Sea (Hietanen et al., 2012; Kuliński et al., 2021). As the microbial community structure and functional capacities remain underestimated in terms of temporal and geographical coverage in the Baltic Sea, our understanding of the nitrogen cycle for ecosystem functioning and climate change is limited. Therefore, enhancing our understanding of the regulatory factors and key microbial communities involved in the nitrogen cycle is essential. This knowledge is crucial for the understanding and interpretation of how microbial communities might shift in their activity in a changing ocean like the Baltic Sea.

To address this knowledge gap, we investigated the seasonal and spatial structure of microbial communities and gene abundance in deep water layers under variable oxygen conditions in the Baltic Proper, specifically in Bornholm Deep (IDEAL), Gdańsk Deep (P1) and Gotland Deep (BY15). We focused on nitrogen loss processes (denitrification and anammox), reduction processes [dissimilatory nitrate reduction (DNR), dissimilatory nitrite reduction to ammonium (DNRA)], and oxidation (nitrification). The objective of this study was to elucidate the distribution patterns of nitrogen-related microbial communities in the deep waters of the Baltic Proper, characterized by fluctuating oxygen conditions, and to assess the spatial and temporal dynamics of genes involved in nitrogen related processes.




2 Materials and methods



2.1 Study area

The Baltic Sea is a semi-enclosed shelf sea located in northern Europe and is connected to the North Sea (and thus to the North Atlantic Ocean) through the narrow and shallow Danish Straits (Figure 1). The residence time of the Baltic Sea water is approximately 35 years (BACC II, Team A, 2015). Sporadic inflows of saline waters (Major Baltic Sea Inflow—MBI) from the North Sea and large riverine runoff make the Baltic Sea one of the largest brackish water bodies on Earth that has stratified water column. The depth of the halocline at Bornholm Deep, Gdańsk Deep, and Gotland Deep normally fluctuates between 60 and 80 m (e.g., Almroth-Rosell et al., 2021).




Figure 1 | Map of the study sites located in Bornholm Deep (IDEAL), Gdańsk Deep (P1), and Gotland Deep (BY15).



Consequently, the Baltic Sea suffers from permanent or periodic hypoxia and/or anoxia caused by water column stratification (Schinke and Matthäus, 1998). During the stagnation periods, the Baltic Proper bottom water is hypoxic and can be anoxic, sometimes reaching sulfidic conditions. The characterized specific structure of the Baltic Sea makes it highly vulnerable to nutrient loads via river fluxes, atmospheric deposition, and point sources. Deep waters of Bornholm Deep and Gdańsk Deep can be characterized as hypoxic or oxygenated, while deep waters of Gotland Deep are predominantly anoxic (Liblik et al., 2018; Rak et al., 2020). In the Bornholm Deep, the long-term average bottom oxygen concentration is 38 µmol L-¹, indicating predominantly hypoxic conditions. Euxinic conditions with hydrogen sulfide (H2S) were recorded from 1980 to 2010; however, these conditions have not reappeared in the last decade (Kuliński et al., 2021). Similar trends have been observed in the Gdańsk Deep, while hydrogen sulfide is present in the Gotland Deep, depending on the sampling time, starting from a depth of 80 m (Kuliński et al., 2021). Additionally, the deep basins of the central Baltic Sea exhibit significant methane enrichments in stagnant anoxic water bodies (Schmale et al., 2010); however, in this study, methane was not measured.




2.2 Sampling collection

Bornholm Deep (station IDEAL: 55°26.623′ N, 15°18.009′ E), Gdańsk Deep (station P1: 54°50.079′ N, 19°19.082′ E) and Gotland Deep (station BY15: 57°20.062′ N, 20°03.022′ E) (Figure 1) were sampled with r/v OCEANIA in 09_20, 04_21, 09_21, and 04_22. In addition, stations IDEAL and P1 were investigated in 01_22; however, station BY15 was skipped due to severe weather conditions. Niskin rosette system (Seabird SBE 32) equipped with CTD Seabird 9/11+ with electrical resistivity (converted to salinity), mechanical and acoustic sediment floor sensors were used to measure temperature (T), salinity (S), and dissolved oxygen (O2). The CTD system was placed for approximately 1–5 min in deep waters to allow the O2 signal to stabilize, and then, it was gently lifted towards the sampling depth (Table 1). Sampling depths oscillated from 75 to 135 m depending on the study site and oxygen conditions. Samples for chemical and DNA analyses and incubation experiments were collected below the halocline from different layers at each site depending on the CTD profile (Table 1).


Table 1 | Physicochemical characterization of investigated water column layers in Bornholm Deep (IDEAL), Gdańsk Deep (P1), and Gotland Deep (BY15).



A volume of 10 ml of seawater for the nitrate (NO3−), nitrite (NO2−), ammonium (NH4+), and phosphate (PO43) was filtered using 0.45 µm cellulose acetate (Ca-45/25) 25-mm filters into polyethylene bottles and stored in −20°C for further analysis. A volume of 20 ml of seawater for DOC analysis was filtered through pre-combusted 0.45 μm MN GF-5 filters and transferred into the pre-combusted glass bottle and acidified to pH ~2 with HClconc.

In this study, we followed the bacterial sampling protocol “BACT-DNA: FILTRATION FOR DNA SEQUENCING AND METAGENOMICS” developed within the TARA OCEAN consortium by Silvia Gonzales-Acinas and Isabel Ferrera (Karsenti et al., 2011). During each sampling campaign, at all stations (IDEAL, P1, and BY15), approximately 30 L of seawater was collected from Niskin bottles and transferred into three sterile 10-L carboys, each wrapped in black tape to limit light exposure. Before use, the carboys were thoroughly washed with detergent and Milli-Q (MQ) water, then sterilized with ethanol and rinsed with MQ water.

The seawater samples were kept in a chilled water bath and filtered onsite immediately after collection. The filtration process used two 142-mm diameter filters: an initial 2-µm glass fiber filter (Millipore), followed by a target 0.2-µm hydrophilic polycarbonate membrane filter (Millipore) for nucleic acid extraction. Both filter holders were positioned inside a laminar flow cabinet equipped with a HEPA H14 filter (Cruma 670FL) to maintain sterility. The filtration pressure was controlled by a manometer placed between the two filter holders and kept below 1.5 bar. Once the filtration of the first three replicates was nearing completion, the rosette with Niskin bottles was deployed again to collect the next 30 L of seawater.

During the 9_20 sampling campaign, one 2-µm glass fiber filter and two 0.2-µm polycarbonate membrane filters were used for each site. In subsequent campaigns, only one 2-µm glass fiber filter and one 0.2-µm membrane filter were used per site. In the 9_20 campaign, the extracts from the two 0.2-µm filters were combined for analysis, while in later campaigns, the extract was obtained from a single 0.2-µm filter. Each 0.2-µm filter, and the corresponding extract, contained DNA material from approximately three to six replicates, depending on the total volume of seawater collected. This approach is consistent with a recent study comparing marine microbiome sampling protocols (Pascoal et al., 2023).

During the 9_20 campaign, a total of 60.1 L of seawater was filtered at the IDEAL station, 86.4 L at P1, and 67.3 L at BY15. For all subsequent campaigns, 100.0 L of seawater was filtered at each station. After filtration, the DNA-containing filters were transferred to sterile Falcon tubes and immediately stored at −80°C. Additionally, a blank sample was collected by filtering 100 L of Milli-Q water instead of seawater, following the same procedures for filtration and preservation.




2.3 Nutrients and DOC analysis

Nutrient concentrations were determined using a SEAL AA500 Auto Analyzer (Seal Analytical) applying standard photometric methods. Quality control consisted of repeated measurements of two different CRMs (QC3179, Sigma Aldrich, and HAMIL-20.2, Environment Canada). Method detection limits were determined as 0.03 µmol L−1 for NO3−, 0.009 µmol L−1 for NO2−, 0.27 µmol L−1 for NH4+, and 0.1 µmol L−1 for PO43−. The accuracy of NO3−, NO2−, NH4+, and PO43− measurements was 98.6%, 98.8%, 98.7%, and 99.0%, respectively, while the precision (relative standard deviations/coefficient of variation) was 0.7%, 1.1%, 0.6%, and 0.5%, respectively. The dissolved organic carbon (DOC) analyses were done in a TOC-L analyzer (Shimadzu) using a high-temperature (680°C) oxidation method with Pt catalyst. The method was calibrated with certified reference materials provided by D. Hansell Laboratory (University of Miami, USA).




2.4 DNA extraction, sequencing, and metagenomics analysis

Total DNA was extracted from the whole filters using DNeasy® PowerWater® Kit (Qiagen) according to the manufacturer’s instructions, except for modification in a bead-beating step; instead of bead tubes provided in the kit, we used oak ridge 50-mL centrifuge tubes (Thermo Fisher Scientific, Waltham, MA, USA) to encompass filter diameter. To summarize, the bead beating step was performed using larger tubes (50 mL Oak Ridge tubes) instead of the kit-provided tubes, in order to accommodate the filter’s diameter. The beads supplied with the kit, consisting of two sizes (0.1 mm garnet and 0.7 mm garnet), were used. Garnet refers to a sand-like matrix that is irregular in both shape and size.

Extraction was performed under Labgard ES Energy Saver Class II, Type A2 Laminar Flow Biological Safety Cabinet NU-440-400E with a HEPA filter/HEPEX™ Plenum Pressure Monitoring system (NuAire) to avoid cross-contamination of the samples. The quantity and quality of the isolated DNA were checked spectrophotometrically using an Epoch Microplate Spectrophotometer (Agilent), measuring A260/A280 ratios and by agarose gel electrophoresis. After isolation, DNA samples were stored frozen at −20°C until further use. Before the library construction, DNA samples were also quality checked at sequencing facility, using Victor 3 fluorometry (Perkin Elmer) with picogreen (Invitrogen, Thermo Fisher Scientific) and also agarose gel electrophoresis. Metagenomic libraries were prepared using TruSeq DNA PCR-Free (Illumina) with 350 bp insert. Library construction for blank samples failed due to low concentration (<10ng/μL); thus, further analysis was dropped as this result rules out cross-contamination between samples. All libraries were subjected to shotgun sequencing using the NovaSeq6000 platform (Illumina) at Macrogen Europe B.V. (Netherlands), resulting in 150 bp paired-end read library, with approximately 52–105 M reads dependent on the sample.

Quality check, using Fastp v0.20.1 program, resulted in approximately 1% loss of total reads in all samples, mainly due to cleaning of low-quality reads. Reads were further assembled into contigs using MEGAHIT (Li et al., 2015), with standard parameters. Obtained contigs were further subjected to blastx alignment (Camacho et al., 2009) against databases containing protein sequences potentially engaged in N-cycle-related processes. Databases were constructed with regard to four N-cycle-related processes: anammox, denitrification, DNRA, and nitrification with the addition of a fifth database comprised of proteins engaged in DNR. Databases were manually curated, using CD-HIT (v 4.8.1) with -g 1 -s 0.8 -c 0.9 parameters, from sequences mainly obtained from NcycDB (Tu et al., 2018) at 100% identity cutoff. Blastx output with an e-value of 1e−4 pinpointed contigs exhibiting sequence similarities to N-cycle-related genes, which quantity was further narrowed down by bit score ≥ 50 (Pearson, 2013). Selected contigs were annotated using Prokka (Seemann, 2014), with –a metagenome flag, mainly to extract ORFs predicted by Prodigal (Hyatt et al., 2010) incorporated into the Prokka suite. Potential N cycle genes were retrieved by alignment of predicted ORFs against databases described previously. Obtained datasets were subjected to the prediction of evolutionarily conserved protein domains and motifs (Marchler-Bauer and Bryant, 2004), against the Conserved Domain Database (CDD database, https://www.ncbi.nlm.nih.gov/cdd/) with the expected value threshold set to 1e−4, to sift through genes bearing incomplete domain motifs. In case of NAP, NAR, HZS, and NOR protein-coding genes, as the subunits are found in operons, standalone genes were omitted. A different strategy was also implemented for NXR encoding genes, solely focusing on the identity of sequence to reference (7B04), as reference sequence encoding NXR (nxrA) did not contain a complete domain. Usage of the pfam13447 domain to distinguish HAO encoding genes was insufficient, as it covers up to seven CxxCH repeated sequence motifs while HAO requires eight. Sequences were searched manually for additional motifs outside of complete pfam13447 domain spans.

To allow comparison of gene abundance, the BWA-MEM algorithm containing the BWA software package (v0.7.17-r1188) was used to perform local alignment mapping raw reads from each season against their corresponding assembled metagenome, utilized as index file. Within spans of obtained gene sequences, the number of primary alignment reads was counted using samtools (v 1.11) view -c -F 260 flags using the BWA alignment output, BAM file, as an input. To account for the discrepancy in datasets size and gene lengths, the RPKM (reads per kilobase per million mapped reads) standardization (reads per kilobase per million sequenced reads) was used.

Datasets of raw reads were classified using the Kraken2 classification taxonomic system (Wood et al., 2019) utilizing Kraken standard library. Taxonomic assignments of N-cycle-related genes were performed on the whole nucleotide sequence of contigs bearing target genes, utilizing the aforementioned classification tool. Binning software MetaBAT2 (v2.10.2) was employed on contigs, using standard commands (Kang et al., 2019). Contigs within bins were searched with regard to SSU (16S rRNA) sequences by ssu_finder contained within CheckM suite (v1.1.6) (Karsenti et al., 2011). Found sequences were subjected to SINA Aligner (v1.2.11), aligning sequences according to SILVA taxonomy (Pruesse et al., 2012). Based on 16S rRNA sequence found within P1 iBP.35, Thioglobaceae classified bin was narrowed down to SUP05 clade sp000205985 (sequence identity, 97.8%) (GTDB database) (Spietz et al., 2019). The completeness of potential genomes and their contamination were estimated by CheckM. Contaminated bins (>10% of contamination) that included N-cycle-related genes were resolved by RefineM to assess if contigs bearing targeted genes were marked as contamination. Seawater de novo assembled metagenomes of IDEAL, P1, and BY15 are released under PRJNA906436 BioProject accession number. It is worth mentioning that throughout this paper, we have avoided referring to bins as organisms. Data presenting information on investigated nitrogen-cycle-related bins and gene characteristics across selected depths within the IDEAL, P1, and BY15 are published at Zenodo (Szymczycha et al., 2024). The genes investigated in this study included amoA, amoB, amoC, hao, and nxrA, which are associated with nitrification; napA, napB, napC, narG, narH, narI, narJ, and narY, which are involved in DNR; nrfA and otr, which are linked to DNRA; nirK, nirS, norB, norC, and nosZ, which are related to denitrification; and hzo, hdh, and hzsABC, which are indicative of anammox.




2.5 Statistical analyses

Dissimilatory nitrate reduction is the initial step in several nitrogen-related processes, including denitrification, dissimilatory nitrite reduction to ammonium (DNRA), anaerobic methane oxidation (DAMO), and anammox (e.g., Pajares and Ramos, 2019). However, DAMO has not yet been identified in the Baltic Sea waters (e.g., Mazur-Marzec et al., 2024). To compare nitrogen-related processes potential and accompanying microbial community abundance across different sites (Bornholm Deep, Gdańsk Deep, and Gotland Deep) and to account for seasonal variations, we have discussed nitrification, DNR, denitrification, DNRA, and anammox separately.

Kruskal–Wallis and Dunn’s tests were used in order to compare the obtained results. To identify significant differences, non-parametric Kruskal–Wallis tests were performed. For all parameters with significant Kruskal–Wallis test (α = 0.05), post-hoc pairwise comparisons were done using Dunn’s test. Pairwise comparisons of bins between depths were conducted by FastANI (v1.34), meaning pairwise comparisons were performed, with each site compared to two other sites. All calculations to measure biological diversity were done in R (v3.6.3), utilizing stats and vegan packages.





3 Results



3.1 Geochemical conditions

Salinity, temperature, and dissolved oxygen distributions in each station are presented in Figure 2 and Table 1. S, T, and O2 profiles show the typical seasonal distribution for the Baltic Sea depths. O2 starts to drop with depth below the halocline; however, the most rapid decline was noticed for BY15 within all seasons. The physicochemical characterization of each sampling layer is presented in Table 1. T and S at each site and sample depth had comparable values. Oxygenated conditions occurred only at the sampling depth located at P1 during two sampling periods in 9.21 and 4.22, while hypoxic conditions occurred (2.4 ≤ O2 ≤ 90 µmol L−1) at all other sampling depths within sampling sites and sampling periods. DOC, NO3−, NO2−, NH4+, and PO43− distribution (Table 1) did not show any pattern among seasons and stations.




Figure 2 | Depth profiles of temperature (T), salinity (S) and oxygen (O2) in Bornholm Deep (IDEAL), Gdańsk Deep (P1), and Gotland Deep (BY15). Shaded areas correspond to the investigated water column layers (Table 1).






3.2 General characterization of phyla and nitrogen-cycle-related genes

The datasets of raw reads varied across seasons and sampling sites, ranging from 68.9 to 105.8 million at IDEAL, 58.5 to 103.1 million at P1, and 52.6 to 104.5 million at BY15. Taxonomic assignment of bacterial and archaeal kingdoms, based on paired-end raw reads (above 0.02%), revealed the microbial community structure at the phylum level. Across all seasons and study sites, the phyla Thaumarchaeota and Proteobacteria dominated the taxonomic composition, while Bacteroidetes, Firmicutes, and Actinobacteria were present at lower abundances but consistently above 0.4% (Figure 3).




Figure 3 | General characterization of prokaryotic raw reads at the phyla level. Water samples were collected in Bornholm Deep (IDEAL), Gdańsk Deep (P1) and Gotland Deep (BY15) between September 2020 (9_20) and April 2022 (4_22). The most abundant phyla (≥ 0.02%) were color-coded, with values representing the percentage of phyla raw reads relative to the entire dataset for each season.



De novo assemblies of metagenomes constructed from the 9_20 dataset (including all three sites) were used as references for other seasons. The total number of contigs was 601,521 at IDEAL, 594,764 at P1, and 853,241 at BY15, with 106, 91, and 112 contigs containing genes related to N cycle processes at these sites, respectively. Notably, anammox-related genes were absent in the 9_20 dataset and were excluded from the analysis of data for other seasons.

The relative abundance of nitrification, DNR, DNRA, and denitrification was determined based on protein-coding genes identified within continuous sequences. These abundances were calculated from the sum of raw reads mapped to target genes in each sample. To account for differences in dataset size and gene length, the abundance of nitrogen-cycle-related genes was normalized to the total mapped reads in each sample’s contigs and expressed in RPKM (reads per kilobase per million mapped reads). This allowed for a direct comparison of N-cycle-related protein-coding genes across the study sites (Figures 4, 5). Proteobacteria genes were present across all investigated nitrogen cycle processes, with Thaumarchaeota contributing to nitrification, Actinobacteria to DNR, and Firmicutes and Bacteroidetes to the DNRA process. All these phyla were also involved in denitrification. To explore the functional potential of microorganisms at different sites, metagenome binning was performed, resulting in the recovery of 57/130, 41/89, and 63/179 bins related to nitrogen cycle processes at IDEAL, P1, and BY15, respectively. In terms of abundance, the first quartile of bins at these sites contained 43, 17, and 25 potential nitrogen-cycle-related organisms.




Figure 4 | Relative abundance of phyla  calculated using the sum of gene RPKM (reads per kilobase per million mapped reads) to account for differences in gene length and dataset size across selected nitrogen cycle processes, including nitrification, DNR, DNRA, and denitrification. Genes associated with these processes were assigned to specific phyla at the study sites (Bornholm Deep - IDEAL, Gdańsk Deep - P1, Gotland Deep - BY15) and categorized by season (X_2X). The intensity of red color represents the abundance of genes involved in these processes. 'NA' indicates genes for which taxonomic classification could not be determined.






Figure 5 | Total number of RPKM for each gene found assigned to each analyzed processes in three study sites (Bornholm Deep, IDEAL; Gdańsk Deep, P1; Gotland Deep, BY15). Phylum-assigned values were portrayed as a percent of the total RPKM for each gene in every process across all analyzed seasons.



Genes encoding proteins involved in nitrification, such as AMO, HAO, and NXR, showed no significant seasonal variation in RPKM values (Kruskal–Wallis; p > 0.05). However, genes related to denitrification (nirK, nirS, norBC, and nosZ) and DNR (napABC and narGHIJY) exhibited significant seasonal differences at all study sites (p ≤ 0.003). DNRA-related genes (nrfA and otr) showed significant seasonal variation only at P1 (Kruskal–Wallis; p < 0.001). Pairwise comparisons using Dunn’s test revealed that denitrification-related genes at IDEAL and P1 differed significantly between the 9_20 and 9_21 seasons (p = 0.034, p = 0.002, respectively) and between the 9_20 and 1_22 seasons (p = 0.012, p = 0.002, respectively) (Supplementary Tables S1, S2). At BY15, significant differences in denitrification genes were observed between 9_20 and 4_21 (p = 0.007) and between 9_20 and 4_22 (p = 0.007) (Supplementary Tables S1, S2). Interestingly, DNR-related gene abundances varied in the same seasons as denitrification (Supplementary Tables S1, S2).



3.2.1 Nitrification

Oxidation of ammonium to hydroxylamine (NH2OH) is catalyzed by the archaeal or bacterial ammonia monooxygenase (AMO). Among the nitrification-related genes, AMO-encoding genes displayed the highest abundance in the samples, predominantly found in contigs classified as Thaumarchaeota (Figure 5). Notably, clusters of archaeal AMO-encoding genes appeared twice, each located on separate contigs assigned to the Nitrosopumilaceae family. Similarly, bacterial amoABC genes were also identified in clusters, although they appeared singularly with low abundance in each sample. At the IDEAL and BY15 stations, bacterial AMO-encoding genes were primarily classified within the Nitrosomonadaceae family. However, at the P1 station, these genes were instead assigned to the Methylococcaceae family of Proteobacteria, based on nucleotide identity. Archaeal and bacterial AMOs overall sequence homology shows only approximately 40% amino acid identity (Lancaster et al., 2018); thus, they were quantified separately. As for bacterial AMOs, no previous distinction had been made; however, BLASTn did not show any significance against pmoA primers (Luesken et al., 2011). Contigs containing archaeal AMO-encoding genes were binned with nirK genes at the BY15 and IDEAL stations, based on similar genomic signatures. However, this was not observed at the P1 station, where the homologous bin to BY15 and IDEAL (IBp.17) lacked the nirK gene. The Average Nucleotide Identity (ANI) between the P1 bin and the BY15 and IDEAL bins was 97.85% and 83.83%, respectively (Figure 6). This observation was found consistent with the taxonomic assignment of the above-mentioned genes, as all contigs were classified to the same family of Thaumarchaeota phylum. At P1, however, AMO-encoding genes classified as Thaumarchaeota remained unbinned; thus, their alignment to their binned counterparts in other depths had shown 99% sequence identity (hence lower case letter in IBp.17 bin).




Figure 6 | Potential genomes (y-axis) reconstructed from metagenomes found within the study sites (A) Bornholm Deep (IDEAL), (B) Gdańsk Deep (P1), and (C) Gotland Deep (BY15). The selected nitrogen cycle genes (x-axis) such as nitrification, DNR, DNRA, and denitrification were marked with different shapes accounting for the taxonomical assignment of contigs bearing appropriate genes. Name bin.XXX suggest that the hypothetical organism is found exclusively in the respective stations. I (IDEAL), B (BY15), and P (P1) letters in bin names mark which sampling site was found bearing a common bin, where small letters indicate a difference in bin composition in relation to its homologous organism, despite genes presence in respective depth. An asterisk indicates missing genes in datasets while comparing sites, despite presence of homologous bin. Bins with gray areas of heatmap hold columns with 16S rRNA genes found within bins. Proteobacteria were colorcoded with regard to Alpha (red), Beta (blue), and Gamma (gray) classes of phyla



The oxidation of hydroxylamine (NH2OH) to nitric oxide (NO), an essential intermediate, is catalyzed by hydroxylamine dehydrogenase (HAO). However, none of the recovered hao genes were found binned with AMO encoding genes. At P1 and BY15, hao genes were found in bin iBP.35 (ANI 99.4861), which also contained the napABC gene cluster related to dissimilatory nitrate reduction (DNR) and nor genes involved in denitrification. A corresponding hao gene sequence was identified at the IDEAL station on contig IDEAL_6474:2967-4427, but it remained unbinned. Bins containing hao were classified as Proteobacteria, consistent with other nitrogen-cycle-related genes and the 16S rRNA sequence, which assigned them to the Thioglobaceae family. Although a similar bin was found at the IDEAL station (iBP.35; ANI 98.755), it did not contain any genes associated with nitrification (Figure 6).

The final step of canonical nitrification, NO2− oxidation to NO3−, is performed by obligate aerobic bacteria possessing the nitrite oxidoreductase (nxr) gene. The gene encoding NXR subunit A (nxrA) was detected at the IDEAL and BY15 stations but was absent from P1. While most of the abundant nxrA subunits in these samples remained unclassified, they were binned alongside two nirK genes in bins classified as members of the Azospirillaceae Proteobacterial family [IB.18; (ANI) 99.6019] (Figure 6).




3.2.2 Dissimilatory nitrate reduction

The first step of denitrification, namely, the reduction of nitrate (NO3−) to nitrite (NO2−), is mediated by two distinct classes of nitrate reductase: the membrane-bound NAR and periplasmic NAP encoded by the nar and nap operons, respectively. The most abundant genes in DNR process were primarily classified into Proteobacteria and Actinobacteria phyla (Figure 6). High RPKM values for NAP and NAR encoding genes assigned to Proteobacteria at the P1 and BY15 sites within all sampling campaigns were driven by contigs grouped into a single bin, iBP.35 (Figure 7). At the IDEAL station within all sampling campaigns, nar genes were similarly found in bin iBP.35, although homologous nap genes, while present, remained unbinned. In BY15 and P1 within all sampling campaigns, NAR-encoding genes of Actinobacteria were identified in bins, which also contained 16S rRNA sequences classified within the Sporichthyaceae family, specifically in BP.43, along with two additional bins in BY15 (bin.149 and bin.165) (Figure 6). While contigs from IDEAL were also classified within the Actinobacteria phylum, the most abundant bin, Ib.19, belonged to the Microbacteriaceae family. Notably, the Actinobacteria bins containing nar genes did not include any other nitrogen-cycle-related genes.




Figure 7 | Potential genomes reconstructed from metagenomes found in (A) Bornholm Deep (IDEAL), (B) Gdańsk Deep (P1) and (C) Gotland Deep (BY15), sorted in accordance to means of gene abundances (RPKM) across seasons. Nitrogen related processes were colour coded where black, red, blue and purple indicate denitrification, DNR, DNRA, and nitrification, respectively.






3.2.3 Dissimilatory nitrite reduction to ammonium

Dissimilatory reduction of nitrite (NO2−) to ammonium, a reaction catalyzed by the ammonia-forming cytochrome c nitrite reductase, encoded by the nrfA gene, was detected in all samples (Figures 4, 5). All nrfA genes found in BY15 station had their homologous sequence within P1 within all sampling campaigns. Proteobacteria NRF subunit A encoding gene occurred singularly in IDEAL and had no counterparts in other samples. While IDEAL bin.33 is not homologous to BP.40 found in two other sites (ANI 99.408), all those bins contain NOS-encoding and nrfA genes. A high abundance of DNRA engaged Proteobacteria, within P1 and BY15 samples, was due to NRF subunit A encoding genes found within BP.51 bins (ANI 99.600) coupled with NAR encoding genes. Prevalent across seasons nrfA genes in P1 and BY15 were classified as Firmicutes; however, they remained unbinned (Figure 5).

In addition to nrfA, genes encoding octahaem tetrathionate reductase (OTR)—a potential alternative catalyst for the same reaction—were also analyzed. OTR-encoding genes were identified at all stations, primarily classified under the Proteobacteria phylum based on contig taxonomy. The most abundant OTR-encoding genes across all samples were located in the IBp.30 and IBp.25 bins, either standalone or co-located with NAP- and NIR-encoding genes, respectively (Figure 6).




3.2.4 Denitrification

In all samples, the most abundant denitrification-related genes were classified to Proteobacteria, Thaumarchaeota, and Bacteroidetes phyla (Figure 5). The reduction of nitrite (NO2−) to nitric oxide (NO) is carried out by two distinct nitrite reductases, encoded by the nirK and nirS genes. Throughout the seasons, Proteobacteria nirK genes were consistently found in bins together with norBC genes in the iBP.35 bins. Nitric oxide, produced during nitrite reduction, can be further reduced to nitrous oxide (N2O) by nitric oxide reductase (NOR) encoded by norBC genes. The capacity for nitrous oxide reduction conducted by norBC gene was also identified in the Bacteroidetes phylum. In the Bacteroidetes, norBC genes were accompanied by nosZ genes in both IDEAL bin.110, classified to the Flavobacteriaceae family, and BY15 bin.34, classified to the Sphingobacteriaceae family. An exception was the unclassified norBC cluster at P1, which remained unbinned. nirS encodes homodimeric cytochrome cd1 nitrite reductase that has been characterized in Gram-negatives. Proteobacteria bins bearing nirS genes were also found carrying NAP encoding genes. Out of those bins, BP.57 also bearing NOS was classified as Sulfurimonadaceae family and was deemed most abundant hypothetical organism converting N2O to N2 in BY15 sampling site, which is in line with other studies both in the Black Sea and Baltic Sea (Grote et al., 2007; Fuchsman et al., 2012, 2017, 2019; Rogge et al., 2017). Genes encoding nitrous oxide reductase (NOS), responsible for the final reduction of N2O to nitrogen gas (N2), revealed similar organisms as key potential N2 producers across all sampling sites. Although homologous nosZ genes were identified at multiple stations, their abundance varied between locations. Organisms encoding nosZ were primarily associated with the Proteobacteria and Bacteroidetes phyla. Notably, Bacteroidetes bins carrying nosZ genes with RPKM values above 5 were consistently classified within the Flavobacteriaceae family (Figure 5).




3.2.5 Anammox

Key enzymes for anammox process, specifically hydrazine oxidoreductase (hzo) and hydrazine dehydrogenase (hdh), which oxidize hydrazine intermediate to dinitrogen gas, were not detected in any of the sites. Additionally, genes encoding hydrazine synthesis (hzsABC) were absent from all sites.






4 Discussion

Marine water represents a vast habitat for pelagic habitats and plays essential roles in biogeochemical cycles, influencing global processes such as carbon sequestration and nutrient recycling. Among the unique marine environments, oxygen variable areas (changing from oxic via hypoxic sometimes reaching anoxic) stand out as critical regions for nitrogen cycling (Stramma et al., 2010; Dalsgaard et al., 2014; Bristow et al., 2016; Suenaga et al., 2018; Sun et al., 2021). Understanding the dynamics of microbial communities in these environments and their functional roles can provide insights into how marine environments respond to changes in oxygen concentration, nutrient availability, and climate change (Pajares and Ramos, 2019).

This study clearly identified Thaumarchaeota and Proteobacteria as the dominant phyla across various sampling depths at IDEAL, P1, and BY15 and within all sampling campaigns (seasons). Therefore, it seems that Thaumarchaeota and Proteobacteria phyla have the most significant impact on nitrogen cycle in the Baltic Sea. Similar findings have been reported in studies from other marine environments, such as the North Atlantic and coastal regions, where Proteobacteria frequently dominate due to their roles in nutrient cycling (Fuchsman et al., 2017). In addition, within all investigated seasons, all sites were predominantly inhabited by AOA, which is in line with other investigations where AOA was linked to oxic–anoxic interfaces in environments similar to the Baltic Sea, e.g., semi-enclosed with low salinity Black Sea, and Pacific Ocean (Francis et al., 2005). AMO complex requires O2 for expression, which negatively affects ammonia oxidation rates and its limiting growth of AOA, when its concentration is found in submicromolar range (Bristow et al., 2016). While inflows of North Sea water, bringing oxygenated waters, are limiting growth of AOA and are essential to sustain their biomass (Buchanan et al., 2023), numerical domination over AOB may not reflect their activity but rather be controlled by environmental variables such as salinity and sulfide concentrations (Caffrey et al., 2007). Crenarchaeota AMO subunit abundance was previously correlated with a decline in ammonium concentration (Wuchter et al., 2006), and a positive correlation between a number of Crenarchaeota/Thaumarchaeota cells and elevated levels of nitrite concentration along with ammonia depletion was also reported (Könneke et al., 2005). However, no correlation of such was found in our chemical results (Table 1). Moreover, while conditions across seasons varied, nitrification-related genes did not express any significant change in abundance between sites and seasons (Supplementary Tables S1, S2). The absence of a correlation between nitrification-related genes and ammonia or nitrite levels suggests additional environmental factors influencing microbial processes. In all sites, AOA outcompete AOB due to better adaptation of microbes to variable oxygen conditions. In this study, archaea AMO genes were contained in bin (IBp.17) bearing 16S rRNA sequence classified as either Crenarchaeota (SILVA taxa) or Thaumarchaeota (RDP taxa), further unanimously classified to Nitrosopumilaceae family. AOA species are equipped in a comprehensive array of genes, which allow them to use ammonia as nitrogen (assimilation) or energy source (oxidation) and help them survive under environmental pressures. What is more, under stress conditions, nitric oxide (NO) is crucial in ammonia oxidation by AOA, with NirK playing a key role in this pathway (Qin et al., 2020). Indirectly, the functional importance of NirK was confirmed in this study. At IDEAL, contigs that carried AMO-encoding genes were binned solely with nirK genes. However, the role of NirK in AOA ammonia catabolism is still not well understood by the scientific community. Hydroxylamine oxidoreductase (HAO) was not contained within bins carrying amo genes, confirming the suggestion of unidentified F420-dependent monooxygenases or Cu-containing metalloenzymes being involved in the oxidation of hydroxylamine (NH2OH) (Kerou et al., 2016).

The most abundant HAO-encoding genes were binned with nirK and norBC genes, as well as with napAB and narGHIJ clusters (iBP.35; Figure 7) at P1. A comparable set of genes is found in IDEAL and BY15, which likewise, in accordance to the contigs classification, were affiliated with the Thioglobaceae family of Proteobacteria phylum. These findings were comparable to those of Arora-Williams et al. (2022), where their MAG classified as Thioglobaceae contained the same set of genes as the bins mentioned above. The Thioglobaceae family in low oxygen conditions is capable of respiring nitrate instead of oxygen (Mattes et al., 2021). Interestingly, the hao family genes were found to be located immediately downstream of the NAP encoding gene clusters (Haase et al., 2017), as reported in this study in iBP.35 bins. Reduction in nitrite or hydroxylamine to ammonium may be carried out by HAO enzyme, which may be the case within those sites due to the fact that higher levels of NH4+ in seasons came with exhaustion of nitrate and nitrite pools, with higher abundance (RPKM < 100) of iBP.35 bins. Thus, this process is contributing to retention of nitrogen pool within sites. However, at oxygen concentrations approximately 1% of atmospheric levels (~2.8 µmol L-¹), nirK gene expression has been detected in cultured bacteria (Hartsock and Shapleigh, 2010). This suggests that the bacteria may be capable of adapting to denitrification under these conditions. At all sites, iBP.35. nirK gene was coupled with NOR, which is used in the reduction in nitric oxide (NO) formed as a result of nitrite reduction. These potential organisms can hypothetically produce nitrous oxide (N2O) as an end product (Sun et al., 2021). N2O release has also been documented in NRF-mediated DNRA process (Heo et al., 2020). The excess N2O stream can diffuse to the atmosphere and act as a greenhouse gas and ozone-depleting agent; however, N2O-reducing bacteria have a high affinity for N2O (Suenaga et al., 2018). Lacking any other N-cycle-related processes protein coding genes most abundant NOS proteins at all sites were assigned to the Flavobacteriaceae family of Bacteroidetes, as in Rasigraf et al. (2017) studies, conducted within the same basin. Vibrionaceae (IBP.08) and Sulfurimonadaceae (BP.57) families of Proteobacteria phylum were also found as potential NOS producers. Oxygen can inhibit the oxygen-sensitive nitric oxide synthase (NOS) enzyme, thereby reducing N2O consumption and potentially increasing its emissions. In contrast, the nitric oxide reductase (NOR) enzyme is comparatively less affected by O2 concentrations. In incubation experiments, partial inhibition of N2 and N2O emissions was deemed at nanomolar presence of O2 (Dalsgaard et al., 2014), while nitrogen loss rates during denitrification were held up when O2 levels reached 3 µmol L−1 (Babbin et al., 2014). According to those studies in situ only during handful of seasons, bacteria could potentially carry out final steps of denitrification process. Denitrification may occur in anoxic zones within particles at the oxygen concentrations sampled in this study (Bianchi et al., 2018; Fuchsman et al., 2019; Stief et al., 2016). Although particles were removed from these samples using a prefilter, bacteria originally associated with the particles could still be present in the water column. Thioglobaceae family and Nitrosopumilaceae can also grow by carbon fixation; however, DOC fluctuations across seasons did not reflect on above mentioned family abundance.

The absence of anammox genes in this study contrasts sharply with findings in other regions, such as the North Sea, where anammox has been identified as a significant process contributing to nitrogen removal in hypoxic environments (Thamdrup et al., 2006).

In our study, we investigated the nitrogen cycle by analyzing microbial abundance and associated functional genes below the halocline in the Baltic Sea, examining both seasonal and spatial variations. Our findings revealed no significant spatial variation, suggesting that the studied ecosystem exhibits a consistent nitrogen processing capacity across different locations. However, seasonality emerged as a key factor, as changes in nutrient and oxygen conditions throughout the year significantly influence microbial activity and the associated nitrogen cycling processes. This study contributes to the understanding and interpretation of how microbial communities might shift in their activity in a changing ocean like the Baltic Sea.




5 Conclusion

The study presents an analysis of the physicochemical and microbial dynamics across three sampling sites (below the halocline at depths ranging from 75 to 135 m) in the Baltic Sea, revealing important insights into seasonal variations in oxygen and nitrogen cycling processes. The hypoxic conditions across most sampling depths underline the potential ecological stressors present in these waters, which aligns with other findings in the Baltic Sea (Conley et al., 2009) and Black Sea (Grote et al., 2007). The analysis of microbial community structure revealed a predominance of Thaumarchaeota and Proteobacteria, consistent with previous studies indicating their essential roles in nitrogen cycling. The consistent presence of Bacteroidetes, Firmicutes, and Actinobacteria, albeit at lower abundances, highlights the complexity and diversity of microbial life in the Baltic Sea. The presence of nitrification-related genes, particularly those encoding ammonia monooxygenase (AMO), was substantial, especially from Thaumarchaeota, suggesting a critical role in ammonium oxidation.

Interestingly, all DNR genes (napA, napB, napG, narH, narI, and narJ), except for narY, were significantly more abundant than DNRA genes (nrfA and otr). This observation suggests that the dissimilatory reduction of nitrate to nitrite is inherently more efficient than the dissimilatory reduction of nitrite to ammonia. Conservatively, DNRA refers to nitrate reduction to ammonium; differentiating between dissimilatory nitrate reduction (DNR) and dissimilatory nitrite reduction to ammonium (DNRA) is essential for gaining deeper insights into the complexities of the nitrogen cycle, particularly in dynamic ecosystems like the Baltic Sea.

Our findings revealed no significant spatial variation, suggesting that the studied ecosystem exhibits a consistent nitrogen processing capacity across different locations, with the most potential for nitrification, DNR, and denitrification. However, seasonality emerged as a key factor, as changes in nutrient and oxygen conditions throughout the year significantly influence microbial activity and the associated nitrogen cycling processes.

The obtained results suggest that while certain microbial phyla are consistently present, the functional potential can vary significantly with seasonal changes and site-specific factors. Continued monitoring and detailed investigations into these processes will be crucial for predicting ecosystem responses to environmental changes and informing conservation strategies in the Baltic Sea region. The absence of certain key genes, such as those involved in the anammox process, also suggests potential gaps in the current understanding of nitrogen cycling dynamics that warrant further exploration. This study contributes to the understanding and interpretation of how microbial communities might shift in their activity in a changing ocean like the Baltic Sea.
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