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Biomass-rich environments host diverse microbial communities that contribute to the degradation and recycling of organic matter. Understanding the community structure within these habitats is essential for elucidating the ecological roles and metabolic capacities of specific microbial groups. Here, we conducted an analysis of biomass-rich environments including diverse soil types, sediments, anaerobic digesters, termite guts, termite nests and other decaying biomasses, to explore the phylogenetic diversity and community structure of the Planctomycetota phylum, using short-read 16S rRNA gene amplicon sequencing. All sampled environments showed presence of Planctomycetota, with relative abundance ranging from nearly absent in animal manure to approximately 10% in soils. Across all samples, virtually 1,900 operational taxonomic units (OTUs) were identified, classified into diverse classes within Planctomycetota. Planctomycetotal phylogenetic diversity was highest in soils and sediments, while termite guts, exhibiting the lowest phylogenetic diversity, were dominated by a few core OTUs shared across different termite species. Notably, a single OTU, closely matching the 16S rRNA gene sequence of the Singulisphaera genus, was detected in all environments, though with relative abundance ranging from only a few reads to over 6% of the planctomycetotal community. Four environments such as soil, sediment, termite nest and decaying biomasses showed similar community structure with predominant genera such as Tepidisphaera, Telmatocola, and distantly related to Thermogutta, and Anatilimnicola. However, among these environments, weighted UniFrac analysis revealed that planctomycetotal communities in termite nests exhibited greater phylogenetic relatedness. Termite gut communities were the most divergent, followed by those in anaerobic digesters, where OTUs assigned to Anaerobaca and Anaerohalosphaera were the most abundant. Termite gut and phytoplankton bloom samples were dominated by OTUs affiliated with Pirellulales, suggesting their host-specific associations. Animal manure showed the presence of Planctomycetota, with 25% of detected OTUs not recognized by the SILVA database, possibly representing a novel, host-specific lineage distantly related to the Pirellulales order.
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Introduction

Biomass can be defined as organic matter from living organisms like plants, animals or microorganisms that can be processed (Bonechi et al., 2017). Plant biomass, mainly lignocellulose, represents a vital form of renewable energy, and it has been increasingly used as a feedstock for a wide range of energy products (Bajpai, 2020). Carbohydrates make up the largest fraction of plant biomass, with cellulose and hemicellulose being the most abundant components. Cellulose microfibrils, embedded in a matrix of hemicellulose and lignin, form a highly resistant and intertwined structure that poses challenges for lignocellulose degradation and conversion processes (Chen, 2014). The particular components of plant biomass drive the structure and dynamics of microbial communities in diverse environments. Thus, studying the bacteria in environments with high organic loads, such as those rich in primary and secondary plant biomasses, is crucial for understanding their roles in biomass degradation (Lillington et al., 2020; Wang et al., 2016; Weimer, 2022). This is specifically insightful, as biomass-rich systems impose unique selective pressures that may drive bacteria along distinct evolutionary pathways, thereby fostering the emergence of diverse and potentially novel bacterial lineages (Martin and Sousa, 2016). Bacteroidota serves as an excellent example of a widespread phylum in which only certain lineages are known biomass degraders, often targeting different fractions of organic matter (Fernández-Gómez et al., 2013). For instance, marine members of Bacteroidota, such as the Flavobacteriia class, specialize in degrading high-molecular-weight organic matter from algal blooms, while Bacteroides genus is adept at degrading complex dietary polysaccharides including lignocellulose (Briliūtė et al., 2019; Kappelmann et al., 2019).

Microbial communities are pivotal in decomposing biomass and cycling nutrients across varied environments, each with distinct ecological roles. In soil, microbes break down complex plant materials, releasing essential nutrients, enhancing soil structure, and finally supporting plant growth (Žifčáková et al., 2017). Composting is an aerobic process which relies on microbial activity to decompose organic matter, producing a stable, nutrient-rich humus that enhances soil fertility and structure (Partanen et al., 2010). Built environments, such as landfills and anaerobic digestion (AD) reactors, host diverse microbial communities that play essential roles in organic matter decomposition, fermentation and methane production (Nguyen et al., 2019; Wang et al., 2017). In the animal gut, particularly in herbivores, specialized microbial community ferments fibrous biomass, producing short-chain fatty acids that supply energy to the host (Lee and Hase, 2014). In termites, this mutualistic relationship is taken to an extraordinary level – their gut functions as one of the smallest and most efficient bioreactors on the planet, housing a highly specialized microbiota capable of breaking down lignocellulosic biomass, particularly wood, which few other animals can digest (Goux et al., 2023). The lignocellulose-degrading microorganisms are also considered attractive producers of biotechnologically important enzymes due to their evolved systems for breaking down complex organic materials (Calusinska et al., 2020; Reichart et al., 2021; Sethupathy et al., 2021). The enzymes responsible for degradation of carbohydrates are called carbohydrate-active enzymes (CAZymes) and are present in virtually all living forms (Drula et al., 2022). Previous observations indicated that genomes belonging to the Planctomycetota phylum harbor a significant number of diverse CAZymes (Gharechahi et al., 2022; López-Mondéjar et al., 2022; Sun et al., 2023). For instance, Planctomycetota from AD reactors, but also peat-enriched wetlands are presumed to be well-equipped toward complex polysaccharide decomposition (Ivanova et al., 2018; Vanwonterghem et al., 2016). As expected, the genomes most likely to possess the greatest capacity for polysaccharide scavenging were primarily recovered from metagenomes of environments rich in organic matter (Klimek et al., 2024).

Since the discovery of Planctomycetota, numerous studies have documented their widespread occurrence and abundance across diverse environments. Members of this phylum have been detected in marine and brackish waters (Cabello-Yeves et al., 2021; Figueroa et al., 2021; Howe et al., 2023; Storesund et al., 2020), extreme habitats (Elshahed et al., 2007; Farias et al., 2017; Spring et al., 2015) including glaciers and permafrost (Malard and Pearce, 2018; Vipindas et al., 2020; Yang et al., 2016) and various terrestrial ecosystems (Buckley et al., 2006; Hu et al., 2022). Although primarily considered environmental bacteria, certain species, particularly within the Gemmata genus, have been linked to opportunistic infections in immunocompromised individuals (Aghnatios and Drancourt, 2016; Kaboré et al., 2020). Representatives of this phylum have also been found in caves (De Mandal et al., 2017; Shen et al., 2022) and as host-associated bacteria, including associations with phytoplankton (Bondoso et al., 2017; Kim et al., 2016; Vollmers et al., 2017), invertebrates (Eilmus and Heil, 2009; Richards et al., 2017; Sharma et al., 2014; Vargas-Albores et al., 2017), animals (Gharechahi et al., 2022; Tran et al., 2018; Yildirim et al., 2010), and within rhizosphere microbiomes (Nunes da Rocha et al., 2009; Ravinath et al., 2022). In built environments, studies of microbial communities in wastewater treatment plants frequently report the presence of Planctomycetota, particularly in relation to the anaerobic ammonium oxidation (anammox) process (Suto et al., 2017). Nevertheless, while the phylogenetic diversity of Planctomycetota inhabiting AD and peatlands were already analyzed (Dedysh and Ivanova, 2019; Klimek et al., 2025), their presence in the other biomass-rich habitats remains poorly understood.

To fill this gap, in this study, we aimed to explore and organize current knowledge on the phylogenetic diversity of Planctomycetota community across diverse biomass-rich environments. For that purpose, we compiled previously generated datasets from AD reactors, soil, and termite gut and nest samples, and complemented them with additional samples from habitats such as freshwater sediments, decaying biomass, wetlands, and rhizospheres or soil covered by cryptogams (e.g., lichens and mosses). All samples were further analyzed using 16S rRNA gene sequencing to assess the diversity of planctomycetotal operational taxonomic units (OTUs) and to examine whether these taxa are phylogenetically conserved or broadly distributed across the studied environments.



Materials and methods


Data collection and sample preparation

To assess the planctomycetotal diversity, we combined our previous amplicon sequencing data with the datasets newly generated in this study. Briefly, datasets for anaerobic digester microbial community were taken from Calusinska et al. (2018), while the samples from termite species were taken from Marynowska et al. (2020). Only a random selection of sequenced samples was used targeting between 5 and 20 samples per environment (74 in total, Supplementary Table S1). To complement the datasets with other biomass-rich environments, we additionally sampled different soil types, compost, peat-accumulated wetlands, freshwater sediments, decaying biomass and animal manure for amplicon sequencing (in total 45 more samples, Supplementary Table S1). Samples were collected using sterilized spatulas at the minimum of 3 cm depth material (e.g., soil, sediment, compost, manure) and were frozen if not processed the same day. The exact list of all the samples used in this study is detailed in Supplementary material.



16S rRNA gene amplification and sequencing

To generate 16S rRNA gene amplicons sequencing data of additionally sampled habitats, DNA of 45 samples were extracted from 0.5 g of sample material using PowerSoil kit (QIAGEN) following the manufacturer’s instructions. No technical replicates were prepared. The quality of extracted DNA was assessed using NanoDrop spectrophotometer. The 16S rRNA gene sequences were amplified using pair of custom primers (F-ACTCAAAKGAATWGACGG and R primer-ACGGGCGGTGTGTRC) targeting about 500 bp of the V6-8 region. The conditions for PCR cycling were as specified: initial denaturation 30s at 98°C followed by 22 cycles of denaturation 5 s at 98°C, annealing 30s at 58°C and 30s at 72°C of elongation. Final elongation step was performed at 72°C for 5 min. Amplicon library sequencing was prepared using Nextera XT DNA Library Preparation Kit and compatible set of indices (Nextera XT Index Kit v2), with addition of PhiX control at 5%. Paired-end sequencing was performed on an Illumina MiSeq instrument using v3 chemistry.



16S rRNA gene amplicon data processing

The newly generated amplicon sequencing data along with previous datasets were processed together. The data processing including paired reads merging, quality filtering as well as OTU clustering and construction, were undertaken using USEARCH v11.0.667. Paired-end reads were merged by using-fastq_mergepairs -relabel @ command. The primer sequences and distal bases were truncated from the merged reads with the following parameters: -fastx_truncate-stripleft 22, −stripright 15. Singletons and reads shorter than 400 bp were removed using-sortbysize and-fastq_maxee commands. Sequences which shared 97% similarity were binned into operational taxonomic unit (OTUs) with the UPARSE algorithm (−cluster_otus) using filtered reads. OTU count table was built by-otus command. Taxonomy was assigned to each OTU using “classify.seqs” command, implemented in mothur v1.48.0 by aligning to the SILVA 16S rRNA gene database v138 (Quast et al., 2013; Schloss et al., 2009). Taxonomical annotation was further used to retain all OTUs assigned to Planctomycetota (100%). Subsequently, OTU read counts were trimmed and samples with less than 100 planctomycetotal reads were removed from further analysis. To account for variation in sequence depth between sequenced datasets and samples, counts were normalized by subsampling each sample’s read counts to a median of the sample sums (median*x/sum(x)).



Phylogenetic analysis of planctomycetotal community

Retrieved planctomycetotal OTU sequences were first aligned using muscle. Phylogenetic tree was then constructed in Geneious v2019.0.3 using Neighbor-Joining method. Additionally, Faith’s Phylogenetic Diversity (PD) index was used to quantify the total branch length of a phylogenetic tree that encompasses all taxa in a sample (implemented in picante R package; Kembel et al., 2010). Using mothur (unweighted.unifrac), UniFrac distances were also computed using pre-calculated tree in Newick format (Lozupone and Knight, 2005). The planctomycetotal OTU sequences were additionally blasted against a custom database containing 16S rRNA gene sequences retrieved from all the type strains of Planctomycetota described until August 2024 (blastn -max_target_seqs 1 -evalue1e-5).



Statistical analysis of amplicon sequencing data

All analyses were carried out in R studio using the vegan package v2.6 (commands are detailed in brackets) and applied to a matrix containing the planctomycetotal normalized read counts (Oksanen et al., 2001). Alpha diversity, e.g., within-sample planctomycetotal diversity, was estimated by the number of observed distinct OTUs (richness) and the Shannon Index (diversity). Bray-Curtis and Jaccard dissimilarity indices were computed to quantify community composition differences across samples, e.g., beta-diversity (vegdist). To provide visual representation of sample clustering, the calculated dissimilarities were used for ordination analysis using non-metric multidimensional scaling, nMDS (metaMDS). The correlation between indices was assessed using Spearman’s rank correlation. To assess the significance of habitat differences, the Analysis of Similarities, ANOSIM (anosim) test was performed using Bray-Curtis distances with 1,000 permutations. Additionally, permutational multivariate analysis of variance (PERMANOVA) was applied to evaluate statistical significance of group differences (adonis2). The significance of differences between environments was assessed using pairwise PERMANOVA (pairwise.adonis package). Differences in alpha diversity indices (Shannon and Faith’s Phylogenetic Diversity) across environments were assessed using the Kruskal-Wallis test, followed by pairwise Wilcoxon rank-sum comparisons with false discovery rate correction for multiple testing. For equality of variances testing, the homogeneity of group dispersions was validated (betadisper). Finally, the Multi-Response Permutation Procedure (MRPP) was conducted to further test for significant differences between habitats (mrpp). To test for the presence of differentially abundant OTUs and genera between significantly different samples and environments, both similarity percentage (SIMPER, implemented in vegan) and Linear discriminant analysis Effect Size (Lefse) analyses were applied. Lefse was calculated using mothur (lefse) and the threshold for the linear discriminant analysis score was set to 2.0.




Results


Sampled habitats and repository data used in this study

Throughout the study, we use the term biomass-rich environments to describe habitats that we analyzed, characterized by high levels of primary and secondary organic plant matter. These environments included diverse representative niches sampled in Luxembourg, Belgium and French Guiana (Supplementary Table S1). To simplify the analysis, we split the dataset of samples into two environment type categories. Main type included AD, soil, freshwater sediment, termite nest (mound), termite gut and all the other environments. Sub-type environment categories included AD (AD-WWTP from wastewater treatment plant fed with sewage sludge and AD-farm coming from agriculture-and biowaste-fed reactors), soil (soil including arable, grassland and forest, rhizosphere, moss-lichen covered and high fens), compost, decaying biomass (algal bloom, fungus-infected trees, biological mat), freshwater sediment, termite nest and termite gut. Three animal manure samples (two cattle and one horse) were collected, but due to the low number of planctomycetotal reads, only one sample (horse manure) was included in the analysis (Figure 1a, not shown). The samples taken from wetlands were also grouped together into “high fens” category when needed (Supplementary Table S1; Figure 1). Although our study did not include technical replicates, repeated measurements of the same environment type (biological replicates) should provide sufficient consistency in the data.
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FIGURE 1
 Studied environments and recovered OTUs of Planctomycetota. (a) Number of samples considered for the analysis, distinguished by the main type and sub-type environment categories. (b) Comparison of SILVA taxonomy of retrieved OTUs to all the other known SILVA taxonomy. Left box: taxa in SILVA not found in this study. Right box: taxa in SILVA found in this study, in brackets number of detected OTUs assigned to each class. (c) Rarefaction curves showing OTU richness across habitats, illustrating the relationship between sequencing depth and microbial diversity. (d) UpSet plot representing the intersection of shared and unique OTUs across different samples. Additionally, the relative abundance of one common OTU for all the environments (Otu1129) grouped in main type environments is depicted.




The amplicon sequencing output and SILVA taxonomy comparison

The sequenced dataset from this study included 45 samples, producing 8.7 M of read pairs. The initial quality check revealed an average read length of 484 bp, with a base quality score consistently above 30. Most of the reads passed the quality filtering (5.9 M), and we obtained a total of 1.7 M of unique, high-quality sequences remained for downstream analysis. The sequences were next combined with the reads from previous datasets yielding a final dataset of 119 samples (Supplementary Table S1; Figure 1a). OTU clustering of all the sequences with singletons removal resulted in generation of 26,578 OTUs, including a total of 1,899 OTUs that belonged to the Planctomycetota phylum, contributing to about 7% of the total bacterial diversity. At first, to assess the diversity within the studied environments, we classified retrieved OTUs against the SILVA database, comparing the detected taxonomic classes to those known in SILVA to identify the extent of overlapping class-level diversity (Figure 1b). Of all known classes and orders within the Planctomycetota phylum cataloged in the SILVA database, more than half were detected in this study, highlighting the broad diversity present in biomass-rich environments. Taxonomic classification of the identified OTUs revealed the presence of nine putative and known classes of Planctomycetota. Specifically, 1,135 OTUs were assigned to Planctomycetia, while 527 to Phycisphaerae classes. Next, putative classes such as OM190, vadinHA49 and Pla4 lineages were represented by 88, 80, and 30 OTUs, respectively. Fewer than 15 OTUs were found to be assigned to the Pla3-lineage, BD7-11, ODP123, and Ca. Brocadiia. The rarefaction curves for each sample reached a plateau only for AD, termite gut and certain other sub-type environments, indicating that sequencing depth was sufficient to capture the majority of the planctomycetotal diversity only for these systems (Figure 1c).



Shared and unique planctomycetotal OTUs among habitats

The majority of OTUs were shared between soil, sediment and other type environments, with the largest intersection of 255 OTUs observed, indicating significant phylogenetic overlap between these ecosystems (Figure 1d). In contrast, a smaller subset of 19 OTUs was uniquely found in termite gut samples, reflecting the specialized nature of the microbial community associated with this environment. The AD reactor samples also shared a considerable number of OTUs (49) with the soil, sediment and other category samples, which may be indicative of the transfer of microbes through organic waste inputs used in anaerobic digestion process. Only one OTU belonging to MSBL9-clade (Sedimentisphaerales) was found to be common between the AD and termite gut sample sets (Otu28617). The smallest intersections involved termite gut, which shared relatively few OTUs with other environments (10). Only one OTU, e.g., Otu1129, assigned to the Singulisphaera genus, was evidenced to be present in all the environments studied and it shared 99.1% sequence identity to the 16S rRNA sequence of Singulisphaera rosea S26. Importantly, the relative abundance of Otu1129 in the environments other than soil and termite nest (on average between 1.5 and 4%) was negligible, e.g., 0.2%, 0.2–0.5, and 0.5% of planctomycetotal abundance in gut, sediment and AD (Figure 1d).



Planctomycetota relative abundance and alpha diversity in studied environments

The Planctomycetota phylum was observed with abundances ranging from nearly 0% to almost 10% in the studied samples (Figure 2a). Looking at the individual samples, the highest abundances were detected in lichen-moss soil cover (9.82%) and termite nest (7.8%) samples and the lowest in horse manure specimen (Figure 2b, 0.1%). On average, soil samples contained the highest abundance of Planctomycetota (5.2% ± 1.4), followed by the sediment and other soil-types samples (Figure 2b), resulting in 4.2% (±1.1), 4.1% (±2.8), and 4.0% (±1.8), respectively. In soil samples, the higher relative abundance of Planctomycetota can be attributed to the cumulative presence of diverse OTUs at low concentrations (Supplementary Table S3). In turn, the lowest average planctomycetotal abundance was found in AD reactors (0.91% ± 0.99) and termite gut (1.1% ± 1.4) habitats.
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FIGURE 2
 Alpha-diversity of Planctomycetota communities. (a,b) Relative abundance of Planctomycetota in samples grouped by (a) the main type environments (b) and sub-type environments. Gray rectangles indicate the mean abundance (c) Planctomycetotal OTU richness (number of distinct OTUs) and phylogenetic diversity (Faith’s PD) for all the sub-type environments; ns, non significant. (d) The correlation between SD and PD indices of all the studied samples, colored by sub-type environment categories. Numbers indicate Spearman rank rho correlation values and significant correlations (p < 0.05) are denoted in bold. Manure is represented by only one sample and therefore no correlation was calculated.


To characterize the planctomycetotal diversity within each sample, we assessed the Faith’s phylogenetic diversity (PD) and richness (observed OTUs) across habitats (Figures 2c,d). Both indices varied significantly among the studied environments (p < 0.01). However, pairwise comparisons between habitats revealed that soil, sediment, and “other” types of environments exhibited similar SD values, as indicated by non-significant pairwise comparisons (Figure 2c). Soils and sediments exhibited the highest PD (23.3 ± 1.7 and 20.3 ± 4.2, respectively) indicating a broad evolutionary span of the planctomycetotal community. In contrast, termite guts showed the lowest PD (3 ± 0.8), suggesting more evolutionarily narrow community. AD samples showed higher discrepancy of planctomycetotal diversity, and AD-WWTP had higher PD (8.4 ± 1.1) than AD-farm (4.5 ± 2.2). Similar patterns occurred when analyzing the species richness, with the highest number of observed OTUs in soil and sediment samples. We next calculated the Shannon diversity index (SD) and compared it with the PD value for each sample (Figure 2d). Spearman correlation analysis between these indices indicated a significant positive correlation (p < 0.05) for most of the habitats, suggesting a higher number of observed OTUs and the evolutionary breadth of planctomycetotal communities. In contrast, the habitats with lower PD, such as termite guts and ADs, were also characterized by lower species richness. The comparison between PD and SD showed that, while AD-WWTP had higher species diversity, the negative correlation between these two indices suggests that the taxa may be more closely related, despite their OTU abundance. Taken together, this indicates that the microbial communities in both AD-WWTP and the termite guts are more specialized.



Beta diversity of planctomycetotal communities among studied environments

Subsequently, we examined differences in the planctomycetotal community composition between studied environments. nMDS plot using Bray–Curtis dissimilarity revealed distinct clustering patterns based on the sampled habitat, especially visible for planctomycetotal communities in anaerobic digesters and termite guts (Figure 3a). The nMDS analysis yielded a stress value of 0.0998, indicating a good representation of the data. The PERMANOVA test confirmed that these differences in community composition were statistically significant (Figure 3a), with pairwise PERMANOVA revealing significant differences between all habitat types except among sediment, soil, and the “other” category environments. However, the significant betadisper result suggests that part of the difference detected by PERMANOVA could also be influenced by differences in how dispersed the community compositions are within each habitat. We also confirmed that the clustering patterns indicated only termite gut as a more homogenous community (delta of 0.34), while all the other environments showed higher variability (delta > 0.66). It is important to note that delta values may vary depending on multiple factors; therefore, these thresholds should be interpreted within the context of this dataset and not as universal cutoffs. Overall similarity index scored to 0.316 supporting a moderate to strong agreement within groups, meaning that the samples within each habitat were more similar to each other than what would be expected randomly (Figure 3a). Across all samples, not surprisingly, the most abundant classes were Planctomycetia and Phycisphaerae, constituting at least one third of total sequences (Figure 3b). Representatives of other putative planctomycetotal classes such as OM190 (proposed Saltatorellus) and vadinHA49 were also found to be in higher abundances in sediments and termite gut samples. Certain Planctomycetota, such as Pla3 (UBA8108 in GTDB) and other yet-unknown lineages, were detected almost exclusively in AD-WWTP and manure samples, suggesting a possible niche specialization (Figure 3b).
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FIGURE 3
 Beta diversity of Planctomycetota communities. (a) nMDS plot illustrating planctomycetotal community composition across diverse environments based on Bray-Curtis dissimilarities. Right panel presents the results of beta diversity statistical tests. (b) Barplot represents the planctomycetotal community for class level as assigned against SILVA database. (c) Number of differentially abundant OTUs in each of the environments. (d) nMDS plot for the orders within the Planctomycetia class, colored by genera; in black ellipse the termite cluster is highlighted. (e) nMDS plot for the orders within the Phycisphaerae class, colored by genera.


To identify taxa that were differentially abundant between habitats, SIMPER and LEfSe analyses were employed (Figure 3c). As a result, we identified 178 OTUs significantly different among all main type habitats, belonging primarily to 50 genera. The highest number of differentially abundant OTUs was found in soil (82), but representing only 7.8% of all the OTUs discovered. On the other hand, 40% of all the OTUs found in termite guts were differentially abundant. We next tried to visualize potential co-occurrence patterns among taxa and performed nMDS based on taxonomic distributions. As a result, we observed that Gemmatales and Isosphaerales tended to overlap, as did Planctomycetales and Pirellulales (Figure 3d). Additional, clear grouping of termite-derived Pirellulales can also be observed (Figure 3d) Among Phycisphaerae, certain genera of Phycisphaerales and Tepidisphaerales tended to collocate, while Sedimentisphaerales showed clearer groupings (Figure 3e). In the following section we evaluated the genera that contribute the most to the patterns observed.



The closest relatives of OTUs to known species

To gain a deeper ecological understanding of Planctomycetota, we compared their OTUs against a custom database containing formally described type species. The dataset was then stratified to identify potential OTUs matching known species, genera, and families, using standard identity thresholds of 98.7, 94.5, and 86.5% (Figure 4a). The majority of the retrieved OTUs in this study, e.g., between 22 and 60%, represent potential new genera within known families, depending on the lineage and its environmental origin (Supplementary Table S2). In turn, 49 OTUs exhibited high identity, potentially representing known species (Supplementary Table S2). Among them, four were commonly found in soils, termite nests and sediments: Caulifigura coniformis Pan44 (Otu774) (Kallscheuer et al., 2020b), Schlesneria paludicola MPL7 (Otu3995) (Kulichevskaya et al., 2007), Paludisphaera soli JC670 (Otu12607) (Kaushik et al., 2020) and Singulisphaera rosea S26 (Otu1129) (Kulichevskaya et al., 2012). The other typical soil-sediment OTUs with high identities were: Urbifossiella limnaea ETA_A1 (Otu5302), Humisphaera borealis M1803 (Otu2624) (Dedysh et al., 2021) or Anatilimnocola aggregata ETA_A8 (Otu3323) (Kallscheuer et al., 2021). In turn, in AD samples with high identities to known species were Posidoniimonas polymericola Pla123a (Otu5525) and Planctomyces bekefii (Otu3705) (Dedysh et al., 2020). Subsequently, we applied the Kruskal-Wallis test to identify genera with significant abundance changes across main environmental types, revealing a panel of 28 genera (Figure 4b). Most of these genera were not highly abundant in the studied environments, contributing between 0 and 25% to the planctomycetotal community. Only Aeoliella-assigned OTUs were highly abundant in manure sample representing >75% of the planctomycetotal community, while Anaerobaca and Anaerohalosphaera, both retrieved from ADs, were moderately abundant in these environments (between 50 and 75%). Tepidisphaera was also dominant Planctomycetota in diverse soils including rhizosphere and lichen-moss covered soils. Ca. Brocadiia-, Thermostilla-and Mucisphaera-related OTUs were identified with a high portion of distantly related 16S rRNA gene sequences. Frigoriglobus seemed to be a hallmark genus for the termite nest samples, and about 30% of its sequences expressed high identity to Frigoriglobus tundricola PL17 (Kulichevskaya et al., 2020). However, termite nest is most abundantly inhabited by OTUs potentially attributed to Telmatocola-related representatives (50 and 75%). Thermogutta-related OTUs were widespread in different habitats, however, they were also largely represented by within-family sequences. In turn, both Singulisphaera-and Schlesneria-assigned OTUs were represented by a high fraction of sequences with higher identities, e.g., passing genus threshold.
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FIGURE 4
 Comparison of Planctomycetota OTU sequences to the formally described type strains. (a) Percentage identity (%) for individual OTUs gathered at the order level; red lines limit the set thresholds for species, genus, family delineation. (b) The significantly different genera among all the studied environments. Barplot represents fraction of OTUs assigned to each thresholds category. Heatmap represents planctomycetotal average abundance range in each habitat (legend in the top box).




Planctomycetotal shared community

The phylogenetic tree based on UniFrac distances showed that samples from termite guts, termite nests and AD (except two WWTP samples) formed three separate clusters, indicating strong planctomycetotal community structures specific to these environments (Figure 5). In contrast, samples from diverse soil types, sediments, composts and decaying biomasses showed mixed clustering patterns, often more influenced by specific local conditions (e.g., High-fens region) rather than habitat type. The statistical differences between these environments were indeed not significant, further strengthening the observation of similar community structure. Regardless, three clusters on the tree are visible: (I) comprising diverse soils, decaying biomass and sediment samples, (II) encompassing forest soil and High fens samples and (III) mostly consisting of soil samples. In cluster I, Pirellulales dominated the community, but sediment samples also comprised Saltatorellus and Sedimentisphaerales. Cluster II was mainly abundant in Planctomycetales, and Gemmatales, while cluster III was dominated by Tepidisphaerales. Pond bloom sample diverged remarkably from all the others, exhibiting a highly distinct community dominated by Pirellulales OTUs with approximately 80% of total relative abundance (Figure 5). Next, we identified a panel of shared OTUs that significantly contributed to the observed community structure of soil, sediment and other type habitats, reflecting the presence of mixed planctomycetotal communities. A total of 29 shared OTUs was assigned to Tepidisphaera, while other OTUs were assigned to Telmatocola (19), Thermogutta (18), Anatilimnocola (16), Engelhardtia (12), Mucisphaera and Anaerobaca (both 11) and Humisphaera (10).
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FIGURE 5
 Shared Planctomycetota phylogeny for soil, sediment and other environment type samples. Weighted UniFrac phylogenetic tree illustrates the relationships between samples based on their planctomycetotal community composition, alongside corresponding barplots show the relative abundance of taxa at the order level.




Common and specific lineages in different environmental stages

In compost samples the community changed from early stage to more digested matter (Figure 6a). The vadinHA49 class was more commonly found in later stages of composting, e.g., in well-digested material. The vadinHA49 clones retrieved in this study were distantly related to other known, described Planctomycetota with average percentage identity below 85%. Blasted 16S rRNA gene sequences of vadinHA49 against deposited sequences in GTDB revealed that this group represents SZUA-567 putative class. Comparison of two different freshwater blooms showed significant differences in planctomycetotal communities (Figure 6a). Even though both samples taken from freshwater cyanobacterial blooms were sampled during its density peak leading to decomposition, pond sample was abundant in Pirellulales (Figure 6a), while bloom occurred on lake was more diverse, including other bacteria such as vadinHA49. Samples from decaying trees also did not show strong common patterns in relative abundance of Planctomycetota, however, Tepidisphaerales and Pirellulales seemed to be the dominant groups in these ecosystems. Except freshwater bloom samples, all the sampled environments seemed to be dominated by the same orders such as Tepidisphaerales, Pirellulales and Planctomycetales.
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FIGURE 6
 Phylogenetic affiliation of Planctomycetota for selected environments. (a) Relative abundance of Planctomycetota in actively degrading biomasses such as compost, freshwater blooms and decaying trees. (b) Percentage identity of the most abundant OTUs assigned to the main Planctomycetota orders: Gemmatales and Isosphaerales in termite nests and Pirellulales in termite guts. Shortcuts: T. fonticola (Thermogemmata fonticola 2918), T. sphagnifila (Telmatocola sphagniphila SP2), T. lichenicola (Tundrisphaera lichenicola P12), A. giovannonii (Aquisphaera giovannonii OJF2), A. mucimassa (Aeoliella mucimassa Pan181) and B. volcania (Bremerella volcania Pan97). In brackets the number of OTUs assigned to these strains are indicated. (c,d) Termite nest (c) and gut (d) planctomycetotal community. Relative abundance of different families of Planctomycetota are gathered for each species of termites.




Planctomycetotal community in termite bodies and nests

The Planctomycetota community in termite nests was distinct from soil samples, although there were overlaps, mainly driven by the presence of specific OTUs distantly related to Gemmatales and Isosphaerales (Figure 6b). Overall, the main distinction between the soil and termite nest planctomycetotal communities lies in the presence of termite-specific microbes, which shape the community structure and make it distinct from the typical soil members (Figures 5, 6c). Looking at the different feeding styles of termites, the wood-feeding termite nests showed higher richness (158 ± 128 OTUs), compared to nests of termites feeding on soil humus (84 ± 44 OTUs) and mixed humus-wood feeders (40 OTUs). Conversely, OTU richness in termite guts was the highest in humus-feeders (30 ± 6 OTUs), rather than in wood-and mixed-feeders (20 and 9 OTUs, respectively). Termite guts were chiefly dominated by OTUs assigned to Pirellulaceae and vadinHA49 families, except a single sample of wood-feeder, consisting of only 9 Pirellulales OTUs (Figure 6d). Otu993 seemed to be a core termite gut representing Termite_planctomycete_cluster in SILVA database, being present in all the termite species studied. Otu993 displayed the highest 16S rRNA gene similarity to Aeoliella mucimassa Pan181 of 88.5% suggesting the potentially novel sister family to Lacipirellulaceae (Wiegand et al., 2020) (Figure 6b).




Discussion

In the context of biomass degradation, microbial community analyses are essential not only for revealing taxonomic diversity but also for providing insights into possible ecological functions and guiding future microbial isolation efforts. Therefore, the aim of this study was to characterize the microbial community of the Planctomycetota phylum based on 16S rRNA gene sequencing, providing insights into their diversity and composition across diverse natural and built biomass-rich systems. We revealed significant variations in Planctomycetota community composition that reflect common patterns found in microbial communities globally. The OTU rarefaction curves showed contrasts in Planctomycetota richness across environments (Figure 1) and disclosed OTU diversity across habitat types that was further supported by alpha diversity metrics (Figure 2). Commonly, microbial communities from soil, followed by sediment, show the highest alpha diversities (Walters and Martiny, 2020), and this is well reflected by Planctomycetota richness and diversity in these environments. Microbes from habitats such as anaerobic digesters or termite guts are predicted to exhibit narrow OTU diversity, as both communities are highly specialized for the specific anaerobic niches present in these environments (Goux et al., 2023). Consequently, the observation of a limited number of planctomycetotal OTUs is not unexpected. In some environments, the total planctomycetotal abundance is negligible, approaching levels typically associated with the rare biosphere (below 1% or even lower), while in other environments, the greater diversity of species parallels the higher abundance. Despite this variability, in both cases, Planctomycetota could serve as potential genetic reservoirs, harboring unique genetic diversity that may contribute to maintaining the functional resilience of the entire ecosystem.

The species delineation and estimation are still challenging due to the limited resolution of 16S rRNA gene amplicon sequencing or influence of primer selection, which can lead to misclassification and inaccuracies in estimating microbial diversity (Abellan-Schneyder et al., 2021; Johnson et al., 2019). In this study, OTU clustering was performed at the 97% sequence similarity threshold, a widely used approximation for species-level diversity. While higher-resolution approaches, such as 99% OTU clustering or amplicon sequence variants, are proposed as the current standard (Callahan et al., 2019; Edgar, 2018), 97% OTU clustering still offers certain advantages. In our study, such approach allowed comparability across datasets originating from different sequencing runs, helped reduce the impact of sequencing noise or artifacts and importantly, lowered the risk of subdividing taxonomic units into poorly supported taxa, resulting in more conservative and robust taxonomic assignments (Schloss, 2021). Still, future work employing full-length 16S rRNA gene sequencing may offer a more accurate view of Planctomycetota diversity.

Surprisingly, one OTU with high identity to Singulisphaera rosea S26 belonging to the Isosphaeraceae family (Isosphaerales order) was shared among all the studied habitats, but only abundant in diverse soil types, termite nests and other type environments including composts or high fens (Figure 1). Previously, Planctomycetota, including Isosphaerales, were indeed found to represent a significant fraction of the microbial communities in lichen-dominated areas, contributing to 8–13% of total bacterial sequences (Ivanova et al., 2016). Isolated Singulisphaera strains from these habitats were also shown to utilize complex polysaccharides including a characteristic component of lichen biomass (lichenan), but overall Singuliphaera spp. strains are capable of utilizing a wide range of polysaccharides including cellulose and chitin (Kulichevskaya et al., 2012; Ivanova et al., 2024). The widespread presence of Singulisphaera OTUs suggests its potential metabolic versatility, making it a compelling subject for further study. This is particularly important in light of its metabolic plasticity as members of the Isosphaerales order are also known to harbor plasmids (Coronel et al., 2024; Ivanova et al., 2017).

The high relative abundance of Pirellulales and Tepidisphaerales in several habitats including soils, sediments, freshwater blooms and animal guts suggests that these microbes play substantial roles in the studied environments, including putative breakdown of biomass. This degradation process is likely driven by fermentative and hydrolytic pathways, as described species from both orders are heterotrophic bacteria possessing multiple CAZymes, which certainly facilitate the breakdown of complex organic matter (Klimek et al., 2024). For instance, previous study indicated that Tepidisphaera was involved in degradation of extrapolymeric substances in biochar-assisted bioremediation reactors (Jiang et al., 2020). The planctomycetotal community in the pond bloom sample was dominated by three Pirellulales OTUs accounting for approximately 80% of the total relative abundance (Figure 5). The OTUs identified had the highest similarities of 95.3% to Aureliella helgolandensis and 95.1 and 94.3% to Bremerella alba FF15. Both strains were isolated from host-associated environments as they derived from jellyfish and macroalgae ecosystems (Godinho et al., 2021; Kallscheuer et al., 2020a). This highly specialized community aligns well with previous observations, as members of the Pirellulales were shown to proliferate during cyanobacterial blooms in freshwater environment, where they became highly abundant, albeit not particularly transcriptionally active (Kallscheuer et al., 2021). In turn, Planctomycetota assigned to Pirellulales, were also evidenced as the most transcriptionally active group of microbes in the hydrothermal plume, involved in organic matter scavenging (Li et al., 2016).

Based on the set thresholds for taxonomic delineation, the OTUs recovered in this study were primarily associated with already known bacterial families (Figure 4). These families are generally represented by cultured type species, suggesting that most discoveries in biomass-rich environments will likely involve new genera within the established higher ranks. However, some yet-unknown lineages likely remain undescribed. All OTUs distantly related to Brocadiia suggest existence of new class-level lineages of Planctomycetota specific to soils, sediments, but also termite guts. One of the lineages of putative class status is vadinHA49 (in SILVA, SZUA-567 in GTDB). This group has been previously identified in various environments, including anaerobic digesters, the intestinal tracts of insects, peat bogs, and sulfur spring sediments (Ivanova et al., 2018; Sabree and Moran, 2014; Youssef et al., 2012). It was also evidenced that vadinHA49 strongly correlated with the higher availability of organic matter, suggesting its involvement in biomass degradation during AD (Liu et al., 2020). In addition to that, vadinHA49 was also identified as one of the bacterial groups able to persist the cadmium pollution (Song et al., 2019). However, studies on vadinHA49 are scarce, and its potential metabolic functions remain of high interest, though they are largely unexplored. Thermogutta exhibited differential abundance across the studied environments, simultaneously with many OTUs related to this genus shared among soil, sediment, and other habitat types. Additionally, their lower sequence similarities to members of the Thermoguttaceae family suggest that they represent a novel lineage within this family. Thermoguttaceae representatives inhabit terrestrial, subsurface or anthropogenic ecosystems with elevated temperatures (Slobodkina et al., 2015, 2016); yet our analysis clearly shows their widespread occurrence in other ecosystems. Previously, we identified Thermoguttaceae as putative biomass degraders due to the presence of multiple CAZymes (Klimek et al., 2024). Therefore, the wide distribution of these novel lineages across the studied biomass-rich environments is not unexpected.

Soil, sediment and other type environments shared certain widespread taxa (Figure 5) distantly affiliated to Tepidisphaera (Tepidisphaerales), Telmatocola (Gemmatales), Thermogutta, and Anatilimnicola (both Pirellulales). As previously noted for the Isosphaera genus, the genera listed may also exhibit metabolic versatility that enables adaptation to diverse environmental conditions. Despite pronounced physicochemical differences among habitats, these planctomycetotal groups may fulfill similar ecological functions, contributing to a convergence in core community composition. Future comparative genomic analyses of representative genomes from these genera will be instrumental in elucidating their metabolic capabilities and ecological roles. Planctomycetota are important and diverse components of soil microbial communities, and their diversity correlates strongly with environmental heterogeneity, particularly in relation to organic and nitrate levels as well as land use history (Buckley et al., 2006). Phylotypes belonging to Gemmata were previously linked to N2O reduction in soils (Xiao et al., 2025) and were also found to be the most abundant genera in the microbial community derived from garden soil that was actively removing the heavy metal pollutions (Singh et al., 2022). As also evidenced in our study, Gemmatales were previously listed among abundant orders in termite nests and suggested as an indicator of elevated phosphorus content in soil (González Plaza and Hradecký, 2023). Still, the abundance of Planctomycetota in the termite nest are usually lower than in the surrounding soil (Chen et al., 2021).

Interestingly, two trends of planctomycetotal beta diversity could be observed (Figure 3). Both Gemmatales and Isosphaerales tended to overlap in their community distribution, likewise Planctomycetales and Pirellulales, most likely due to their preferred environmental niches. The former two are more frequently associated with terrestrial and freshwater systems, in contrast to Planctomycetales and Pirellulales, which representative strains were typically isolated from marine, brackish or other aquatic environments (Vitorino and Lage, 2022). This is, however, more likely a result of their close phylogenetic relatedness, as phylogeny can exhibit a strong signal for habitat preferences, though this does not necessarily imply phylogenetic niche conservatism (Barberán et al., 2014). Based on the 16S rRNA gene phylogeny, Isosphaerales and Gemmatales are positioned on separate branch, indicating they are more distantly related to Pirellulales and Planctomycetales (Vitorino and Lage, 2022).

Animal gut habitats exhibited unique planctomycetotal assemblages predominantly affiliated with the Pirellulales order (Figure 5). The low abundance of Planctomycetota in the studied manure sample is consistent with previous reports on their presence in horse gut (Mach et al., 2022). However, 20% of OTUs reconstructed in this study could not be classified within any group in the SILVA database. Their percentage identity to Aeoliella mucimassa Pan181 (Lacipirellulaceae; Pirellulales) was oscillating around 88.3% ± 0.8%, indicating the presence of potentially novel lineages that may be specifically associated with the gastrointestinal tract of animals. Although our study lacked sufficient Planctomycetota reads in cattle manure samples, there is substantial evidence supporting their presence and diversity in the cattle rumen and ruminants overall. This is demonstrated by the abundance of assembled genomes from gut microbiome studies and their sporadic detection in various scientific reports (Hagey et al., 2019; Kim et al., 2014; Mao et al., 2012; Stewart et al., 2019). The relative abundance of Planctomycetota in the rumen is generally low, typically below 0.1%; however, studies have shown a significant increase in their abundance in grass-fed cattle and older animals (Liu et al., 2022; Wang et al., 2021). Samples collected from a diverse range of animals, including mammals, birds, fish, and insects, are predominantly inhabited by Pirellulales, suggesting a highly adaptable, host-associated planctomycetotal group (Medina-Silva et al., 2018). The ecological role and distribution of this bacterial group within the human gut microbiome remain unresolved. To date, Planctomycetota were only identified in a single 16S rRNA gene-based study, derived from stool samples of individuals in France and Senegal (Cayrou et al., 2013). Additionally, a limited number of genomes have been recovered from gut samples of hunter-gatherer populations (Carter et al., 2023). Previously, we noticed that Pirellulales express the potential to degrade mucosal layer components (mucins) from animal tissues such as the gastrointestinal tract (Klimek et al., 2025), presenting a promising avenue for future research. In addition to potential of Pirellulales for dietary and host polysaccharide degradation, they may also play other ecological roles within the gut ecosystem. Pirellulaceae-related lineages increased their abundance in cattle fed with grass infected with toxic endophyte Epichloë coenophialum, likely due to their ability to degrade main alkaloid (ergovaline) produced by this fungus (Mote et al., 2019). Pirellulaceae have the potential for degradation of hydrocarbon, and are resistant to pollutants (de Araujo et al., 2021; Flores et al., 2014), which may allow them to contribute to bioremediation processes. In general, other Planctomycetota from yet unidentified lineages have also been suggested as potential heavy metal detoxifiers, as their abundance was previously found to positively correlate with elevated cadmium and lead concentrations (Li et al., 2022).

Another interesting gut microbiome is that of termites. Termites play essential roles in ecosystems by decomposing plant material and contributing to nutrient cycling, ultimately returning organic matter to the soil (Ohkuma and Brune, 2011). Termite microbial communities are often inhabited by host-specific lineages (Arora et al., 2022). So-called lower termites are mainly wood-feeders that help in breaking down dead wood, while higher termites, mainly belonging to the Termitidae family, are characterized with wider food repertoire (Brune, 2014). Still, most of the higher termites ingest humus-rich soil, which contains decayed organic material, plant debris, and minerals. Lower termites represent the ancestral lineages that rely on protozoa for cellulose digestion, in contrast to higher termites, which have evolved a fully bacterial gut with a complex hindgut (Marynowska et al., 2023). The presence of Planctomycetota MAGs across a wide range of termite species supports the notion that this phylum constitutes a core component of the termite gut microbiome (Hervé et al., 2020), despite their lower abundancies. The ecological role of Planctomycetota in this environment remains purely hypothetical and is primarily inferred from genomic data. So far, Planctomycetota were suggested to increase the solubility of humic substances or to be involved in the digestion of microbial polymers (Köhler et al., 2008). Still, many plantomycetotal MAGs recovered from metagenomes from both lower and higher termites were found to be abundant in genes coding for pectinases (Salgado et al., 2024), implying they are likely involved in the degradation of plant organic matter. The current understanding of Planctomycetota abundance across different gut regions remains fragmentary. Their higher abundancies were found in the alkaline posterior compartments of hindgut in the soil-feeding termites belonging to the Cubitermes ugandensis and Ophiotermes sp. Ox79b (Köhler et al., 2008; Mikaelyan et al., 2017). In our study, the entire gut was taken for analysis, without separating it into compartments. Despite this, our findings, along with prior studies, indicate that Planctomycetota are not exclusively linked to higher termites nor alkaline conditions (Abdul Rahman et al., 2015). For instance, Planctomycetota were also found abundant in the foregut of the lower termites like the wood-feeding Coptotermes formosanus (Dar et al., 2024). Further investigation into the exact differentiation between planctomycetotal species in lower and higher termites would help elucidate their roles in either early-stage carbohydrate metabolism to lignocellulose degradation and fermentation. Counterintuitively, we observed higher richness and diversity of Planctomycetota in humus-feeders than in wood-feeders, indicating presence of a few, but specialized microbes for targeting lignocellulose. These novel, termite-specific bacterial lineages are uniquely adapted to the environment, reflecting observed tight clustering of termite gut samples. Termite gut and ADs systems are indeed characterized by distinct microbial communities, yet much of the encoded CAZyme diversity is shared among their microbes (Goux et al., 2023). Overall, future comparative genomic analysis of termite gut with gastrointestinal systems of ruminants will help identify specialized Planctomycetota essential for lignocellulose breakdown.
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