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Omnivorous cockroaches host a complex hindgut microbiota comprised of insect-specific lineages related to those found in mammalian omnivores. Many of these organisms have few cultured representatives, thereby limiting our ability to infer the functional capabilities of these microbes. Here we present a unique reference set of 96 high-quality single cell-amplified genomes (SAGs) from bacterial and archaeal cockroach gut symbionts. We additionally generated cockroach hindgut metagenomic and metatranscriptomic sequence libraries and mapped them to our SAGs. By combining these datasets, we are able to perform an in-depth phylogenetic and functional analysis to evaluate the abundance and activities of the taxa in vivo. Recovered lineages include key genera within Bacteroidota, including polysaccharide-degrading taxa from the genera Bacteroides, Dysgonomonas, and Parabacteroides, as well as a group of unclassified insect-associated Bacteroidales. We also recovered a phylogenetically diverse set of Firmicutes exhibiting a wide range of metabolic capabilities, including—but not limited to—polysaccharide and polypeptide degradation. Other functional groups exhibiting high relative activity in the metatranscriptomic dataset include multiple putative sulfate reducers belonging to families in the Desulfobacterota phylum and two groups of methanogenic archaea. Together, this work provides a valuable reference set with new insights into the functional specializations of insect gut symbionts and frames future studies of cockroach hindgut metabolism.
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1. Introduction

Cockroaches are emerging models for the study of host-diet-microbiota interactions, gut microbiome assembly, and host immune-microbiome interactions (Pérez-Cobas et al., 2015; Mikaelyan et al., 2016; Li et al., 2018). Cockroach symbionts include many taxa commonly found in the human gut microbiome (Eckburg et al., 2005; Lozupone et al., 2012), but with an evolutionary history consistent with an insect gut origin (Schauer et al., 2012). Recent studies have found that the gut microbiota of cockroaches is remarkably stable to dietary perturbations (Pérez-Cobas et al., 2015; Tinker and Ottesen, 2016; Lampert et al., 2019) and has remained highly similar across vast swaths of evolutionary distance (Tinker and Ottesen, 2020). Robust survival and minimal diet requirements of the American cockroach (Periplaneta americana) make this organism an attractive lab animal, as does the ability to easily establish germ-free and gnotobiotic animals (Jahnes et al., 2019; Dukes et al., 2021; León et al., 2021).

Like many omnivores, the cockroach hindgut microbiome is dominated by Bacteroidota and Firmicutes, with Desulfobacterota, Pseudomonadota, and methanogenic archaea as additional players (Schauer et al., 2012; Dietrich et al., 2014; Schauer et al., 2014; Pérez-Cobas et al., 2015; Mikaelyan et al., 2016; Tinker and Ottesen, 2016; Jahnes and Sabree, 2020). Members of Bacteroidota are known as primary fermenters in the guts of both cockroaches and humans: breaking down dietary polysaccharides and host-derived mucins (Salyers et al., 1977; w). In vitro and in mice colonized by human gut isolates, this action has been found to liberate useful metabolites for other members of the gut microbiota (Rey et al., 2013; Rakoff-Nahoum et al., 2014), including fermentation end products like H2, lactate, and SCFAs (Macy et al., 1978). Cockroach-associated Firmicutes are less well-characterized, but studies of organisms from humans and ruminants indicate Firmicutes have a variety of functions in the gut, including polysaccharide degradation, reductive acetogenesis, lactate consumption, amino acid fermentation, and SCFA production (Barker, 1981; Rey et al., 2010; Fischbach and Sonnenburg, 2011; Flint et al., 2012; Wang et al., 2020; Karekar et al., 2022). Phylum Desulfobacterota contains sulfate-reducing bacteria, who consume H2 and other organic compounds (e.g., lactate) as electron donors for the reduction of sulfate and more oxidized sulfur compounds (Rey et al., 2013). Methanogenic archaea utilize H2 or formate as an electron donor to reduce CO2, methanol, or methylated compounds (e.g., methylamines) to methane in a variety of anaerobic environments (Garcia et al., 2000; Nakamura et al., 2010). While some broad functions of microbial groups have been elucidated as above, more specific activities of lower taxa in the context of this complex gut microbiome are largely unknown.

An obstacle to making meaningful inferences regarding activity and roles of different members of the P. americana gut microbiome is their lack of representation in microbial databases (Mikaelyan et al., 2015). As mentioned above, cockroach gut microbes are often found in sister clades to better-characterized mammalian gut microbes. Lack of cultured representatives in these clades limits the extent of functional inferences (Schauer et al., 2012; Mikaelyan et al., 2015). Though some have concentrated on this much-needed task of culturing and sequencing genomes of P. americana hindgut microbes (Vera-Ponce De León et al., 2020; Vera-Ponce de Leon et al., 2022), knowledge of the genomic properties of species in this environment remains minimal. A culture-independent understanding of genetic elements present in these microbes and their survival strategies gives insight into microbial mechanisms of stability and resilience in a gut environment.

In single cell-amplified genome (SAG) sequencing, flow cytometry is used to sort individual cells into plates for whole-genome amplification and sequencing. This allows for direct, unambiguous attribution of functions to specific community members, making it a useful tool for functional characterization of uncultured organisms (Kvist et al., 2007; Mußmann et al., 2007; Malmstrom et al., 2013). In contrast, metagenome assembly and binning is highly sensitive to the relative abundance and genome diversity of target groups and can create chimeric assemblies of multiple, closely related genomes (Meyer et al., 2022). A downside of SAGs is that they are often highly fragmented and incomplete, although this can be circumvented to some extent by sequencing of multiple, closely related cells. Nonetheless, our sequenced SAGs generate a culture-independent view of cockroach gut microbe genome content and functional capabilities that capture many characteristics supported in other host systems and provide new insight into possible cockroach-specific functions. To build on these results, we used shotgun metagenomics and metatranscriptomics to evaluate the relative abundance and activity of individual members of the P. americana hindgut microbiome in vivo.

For each of 96 high-quality SAGs, this work details: phylogeny, transporter complement, carbohydrate breakdown strategies, highly transcribed functions, and relative abundance and activity in vivo. We identify multiple groups of organisms with few to no cultured relatives representing potential new species and higher taxa. Some indicate metabolic functions unlike those previously described for their phylum. Using phylogenetically redundant SAGs, we discover activities defining distinct metabolic niches for closely related organisms with similar genomic content. We also note specialty metabolisms that show potential for influencing the activities of other microbes via shared products and substrates.

A single-cell understanding of microbial constituents in the context of diverse gut microbiota expands our catalog of extant microbial groups, illustrates niches occupied by community members, and uncovers fine-scale mechanisms of community stability for investigation.



2. Materials and methods


2.1. Cockroach maintenance and sample collection

Cockroaches are kept on a diet of dog food (Purina One) and water (via cellulose sponge) ad libitum. They live in a 20-gallon glass fish tank with cube-cut aspen hardwood bedding (TSK Supply), cardboard tubes for housing, and petroleum jelly smeared along the top of the sides of the tank to prevent escape.

An entire gut (foregut to cecum) was dissected out of an adult male P. americana, and the hindgut was separated from the midgut and cecum with autoclaved task blades. A fresh autoclaved task blade was then used to slice the hindgut lengthwise, exposing the luminal contents. The sliced hindgut was vortexed in 1 mL 1X phosphate-buffered saline and centrifuged at 2000 × g for 30 s to precipitate large debris before 1 mL of supernatant was transferred to a cryovial with 100 μL glyTE (100 mL glycerol, 20 mL 100X TE pH 8, 60 mL deionized water; filter-sterilized and stored at –20°C). This was swirled to mix well, plunged in liquid nitrogen, and kept at –80°C overnight before mailing on dry ice.



2.2. Genome sequencing, assembly, and annotation

Cells were sorted and genomes amplified at the Bigelow Laboratory Single Cell Genomics Center (East Boothbay ME) per their protocol (Stepanauskas et al., 2017). For this protocol, a plate of 384 SAGs is initially sequenced at low coverage to evaluate SAG phylogeny and quality. Briefly, individual cells were sorted into wells of a 384-well plate, lysed, and their genomes amplified and used to generate shotgun sequencing libraries. Initial low-coverage sequencing (2 × 100 bp) was performed on an Illumina NextSeq2000 and assembly used SPAdes for the preliminary 384 genomes, and annotation was completed using Prokka (Seemann, 2014; Stepanauskas et al., 2017) with a combination of the bacterial and archaeal Swiss-Prot databases (2017). Preliminary taxonomic assignments were made based on recovered SSU rDNA phylogeny and CheckM (Parks et al., 2015). CheckM also provided initial estimates of genome completeness and contamination by foreign DNA, complemented by tetramer principal component analysis (Woyke et al., 2009).

Following initial quality control, 100 high-quality SAGs of interest were manually selected for deeper sequencing. These final genomes included in our dataset were manually selected from the initial 384 SAGs for high-coverage re-sequencing. Selection was based on estimated contamination and completeness levels, whole-genome amplification Cp values, phylogenetic breadth, and presence/abundance of taxa in hindgut 16S rRNA gene datasets. For these 100, a new pooled library was prepared, sequenced more deeply, and processed with the same bioinformatics pipeline above (Stepanauskas et al., 2017).

Contigs files were used to calculate basic statistics for each genome using CheckM lineage_wf (Parks et al., 2015). See full output in Supplementary Table S1-3. Four SAGs exhibiting contamination of 10% or more were excluded from further analyses.

Pairwise average nucleotide identities (ANI) between all genomes were determined using contigs from the SAGs and fastANI (Jain et al., 2018) on default parameters as implemented in the anvi-compute-genome-similarity workflow from Anvi’o (Eren et al., 2021). Alignment fraction and percent identity for these comparisons may be found in Supplementary Table S1-7.

Abundance comparisons between SAG taxa in this dataset and in 16S rRNA gene datasets were carried out using sequence data from Tinker and Ottesen (2016). These sequences were processed with DADA2 (Callahan et al., 2016) and classified with SILVA release 138.1. Average relative abundances of phyla, families, and genera were calculated across all diets for comparison with SAGs.



2.3. Phylogenetic analysis

Two strategies were used to phylogenetically place SAGs on trees using either 16S rRNA or single-copy marker genes. For 16S rRNA gene trees, near-complete 16S nucleotide sequences from SAGs (931–1,543 bp) were recovered with Metaxa2 and aligned with the SILVA v138.1 SSU Ref NR 99 database (SILVA-NR) (Bengtsson et al., 2011; Quast et al., 2012; Glöckner et al., 2017) using SINA (v1.7.2; Pruesse et al., 2012). Alignments were imported into ARB (v6.0.6; Westram et al., 2004) and filtered to remove positions with majority gaps. SAGs were initially added to the SILVA-NR guide tree using ARB parsimony. Reference species indicated as close relatives based on this initial placement were manually picked from SILVA-NR to build and visualize phylum-specific 16S rRNA gene trees using RAxML (GTRGAMMA) (v8.2.12) in ARB (v6.0.6) with rapid bootstrapping (1,000x) (Westram et al., 2004; Stamatakis, 2014).

Separately, genome trees were built for SAGs of the major phyla (Bacteroidota, Firmicutes, Desulfobacterota) by aligning a set of domain-specific, single-copy “marker” genes recovered from the SAG dataset and reference sequences in RefSeq and GenBank (Clark et al., 2016; O’Leary et al., 2016). References were chosen by extracting protein sequences of SAG marker genes with CheckM (lineage_wf) and aligning them against the Genome Taxonomy Database (release 95) with DIAMOND (blastp) (Buchfink et al., 2015; Parks et al., 2015, 2018, 2020, 2022; Rinke et al., 2021). Hits with a minimum bit score of 50 and identity of 85% (or 80% for Firmicutes references) were downloaded from their respective databases. First, we ran CheckM on reference genomes with and without SAGs included to retrieve concatenated marker gene alignments. Both sets of alignments were trimmed with trimAl (option -gappyout) (Capella-Gutiérrez et al., 2009). Reference trees were built with RAxML first using alignments of only reference sequences (set parsimony and bootstrap seeds = 12,345, PROTGAMMAWAG). Reference packages were built from these trees using Taxtastic1, and SAGs were placed onto reference trees using pplacer and the trimmed reference-SAG alignments (Matsen et al., 2010). Placement files from pplacer were converted to phyloXML tree files using guppy (tog) and visualized in R with package rphyloxml.

For SAGs unable to be placed on either tree due to lack of recovered marker genes (16S rRNA gene or others), PHANTASM was used to find suitable phylogenetic markers and for tree creation (Wirth and Bush, 2023). The gene for valine tRNA-ligase (valS) was used to identify references for the tree for SAG D05, the 50S ribosomal protein L19 (rplS) was used for SAG F22, and DNA polymerase III (polC) for SAG O13.

Organisms were named based on their placement in 16S rRNA gene, genome, and PHANTASM trees. Names and phylum designations used in this paper follow the Genome Taxonomy Database (GTDB) convention (Parks et al., 2018, 2020). Submission of genomes to NCBI required that some taxa be re-named to match the NCBI taxonomy, as specified in w.

Average nucleotide identity was calculated using FastANI (Jain et al., 2018).



2.4. Identification of functional genes

Transporters were identified by mapping SAG sequences to the Transporter Classification Database (TCDB) (Saier et al., 2021) using DIAMOND (blastx) (Buchfink et al., 2015). Hits with bit scores greater than 70 were used to characterize transport strategies of SAGs (Supplementary Table S3). TCDB identifiers (TCIDs) are used throughout the text. Transporters were binned at the TCDB family level, and transporter families with a maximum abundance of >6% of all transporters found were included in the stacked bar chart visualization.

Carbohydrate-active enzymes (CAZymes) were annotated with dbCAN standalone version using HMMer (v3.3.2) (Eddy, 2011; Eddy, 2020; Supplementary Table S4). CAZymes associated with polysaccharide-utilizing loci (PULs) were predicted using the PULpy pipeline (Stewart et al., 2018) and databases Pfam (release 33.0) and dbCAN (released April 8, 2020). Absolute CAZyme and PUL counts were normalized by dividing counts in a genome by its total coding sequence length. Because one protein may contain multiple different CAZyme domains, CAZyme transcriptional levels are shown as a heatmap. CAZymes with an average relative abundance >0.5% of a SAG’s transcripts are shown, and columns (SAGs) of the heatmap have been scaled to show levels of CAZymes within each SAG.

Metabolic heat maps for KEGG orthologs (KOs) were created by first identifying KOs in the SAGs using KofamScan (Kanehisa, 2000; Kanehisa, 2019; Aramaki et al., 2020; Kanehisa et al., 2021). KOs were then mapped to transcriptional data from each SAG, and functions were binned at hierarchical BRITE levels. Visualization uses KEGG categories at the third level of BRITE hierarchy. Pathways displayed were manually chosen, and proportions of SAG transcripts corresponding to KOs were column scaled to visualize relative activity of KOs within each SAG.

Enzymes involved in Dsr-dependent dissimilatory sulfur metabolism were identified using DiSCo (Neukirchen and Sousa, 2021).

Single cell-amplified genomes amino acid files were used to search for evidence of bacterial microcompartments (BMCs). These were fed into BMC Caller to search for shell proteins (Sutter and Kerfeld, 2022). Loci with shell proteins were tested for locus type using BMC Caller online.

Searches for genes encoding other specialized metabolic capabilities relevant to gut microbiome lifestyle were carried out using HMMer v.3.3.2 (hmmsearch). See Supplementary File S1 for details on downloading alignments and HMM profiles for these genes. HMM profiles were built from alignments using HMMer v.3.3.2 (hmmbuild), and hits to HMM profiles were determined using hmmsearch with family-appropriate cutoffs (Eddy, 2020).



2.5. Metagenomic and metatranscriptomic mapping

We mapped 25 metagenome and 20 metatranscriptome libraries to our SAGs to get information regarding typical abundance and activities across a range of conditions. See Supplementary File S1 for information on sample preparation, DNA extraction, library preparation, and sequence processing for metagenome and metatranscriptome datasets.

Processed metagenome and metatranscriptome sequences were separately mapped to the SAG dataset and RefSeq Microbial Genomes (O’Leary et al., 2016) using DIAMOND v2.0.9 (Buchfink et al., 2015) (blastp --sensitive --top 1 --minscore 50). Bit scores of all hits with e-value <10−10 were compared across the SAG and RefSeq databases to assign hits to the best match from any source. To calculate taxon abundance, reads with equal top hits to multiple SAGs were counted as a hit to each SAG. Note that this can over-count groups of closely related SAGs and highly conserved genes. To calculate transcriptional abundance within a SAG, transcripts were first extracted by SAG, then—for equivalent top hits within a single SAG—the hit was given to the SAG sequence with more hits. As we have groups of SAGs displaying high ANI, we preferred to over-count conserved genes and SAG abundance than under-count SAGs in closely related groups.

Relative transcriptional activities of SAGs were calculated for high abundance families by dividing the average reads mapped per million (RPM) of the SAG in the metatranscriptome dataset by its RPM in the metagenome dataset. RPM (often TPM) is commonly used to summarize transcript abundance normalized by gene length; here, we use it to normalize SAG abundance by genome assembly length. For each SAG, average RPM across all samples is shown. Reads per kilobase (RPK) was first calculated by dividing the number of reads in each sample (metagenome or metatranscriptome) mapped to a SAG by the total coding sequence length of that SAG to account for differences in genome completeness. The sum of all SAGs’ RPKs in each sample was divided by 1,000,000 to produce a normalization factor for sample sequencing library depth. For each sample, the SAG’s RPKs were divided by the sample library depth normalization factor, and the average RPK across all samples for each SAG is binned by family, as shown in Figures 1A–C.
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FIGURE 1
 (A–C) SAG reads per million (RPM) in metagenome (A) and metatranscriptome (B) datasets were used to visualize relative abundance. The relative activities of SAGs (C) were measured by dividing average RPM of SAGs’ transcripts in the metatranscriptome dataset (B) by their RPM in the metagenome dataset (A).





3. Results and discussion


3.1. Dataset-wide statistics

One hundred single cell-amplified genomes (SAGs) were recovered with 42/100 genomes estimated as at least 50% complete by CheckM. Over half of the genomes (59/100) indicate 0% contamination, and 96/100 exhibit less than 10% contamination. The four genomes with contamination over 10% were excluded from further analyses and are not included in Table 1 statistics (Supplementary Table S1-3).



TABLE 1 Summary of SAG statistics from CheckM (lineage_workflow).
[image: Table1]

Single cell-amplified genomes were manually assigned to taxonomic groups based on phylogenetic analyses of 16S rRNA genes, as well as genome phylogeny using a concatenated alignment of single-copy marker genes identified by CheckM. We recovered 16S rRNA gene sequences from 83/96 SAGs (Figure 2), and 84/89 SAGs from the three main phyla (Bacteroidota, Firmicutes, Desulfobacterota) included single-copy genes that could be used to further guide their placement (Parks et al., 2015). Three SAGs were not able to be placed on either 16S rRNA gene or marker gene trees. Using other conserved genes as described in Methods, these organisms were tentatively identified as members of Synergistaceae (D05), Clostridia (F22) and Ruminococcaceae (O13) (Supplementary File S1). Although most 16S rRNA gene neighbor references from SILVA-NR are microbes isolated from closely related host species (i.e., cockroaches, termites), some taxa were more closely related to mammalian or even non-host-associated sequences.
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FIGURE 2
 (A–G) Phylogenetic trees built using aligned 16S rRNA gene sequences from this SAG dataset and SILVA-NR reference database. Sequences were aligned with SINA, and 16S rRNA gene alignments were filtered to remove positions with majority gaps, resulting alignment lengths described below. Trees were constructed with RAxML and represent the following taxa (followed by alignment length): (A) Bacteroidota (1,481 bp), (B) Firmicutes (1,433 bp), (C) Desulfobacterota (1,511 bp), (D) Proteobacteria (1,511 bp), (E) Spirochaetota (1,475 bp), (F) Methanobacteriota (1,454 bp), (G) Halobacteriota (1,454 bp). Purple sequences are from SAGs in this dataset, green are from type strains, and black are other references from SILVA. Symbols for references recovered from environmental sources: P. americana and other cockroaches (†), termites and other insects (⁓), non-insect animals (∆), non-host-associated sources (●). SILVA accessions are found in brackets. Branch support values above 50% are displayed using colored circles (1,000 bootstraps): red ≥95%, orange ≥75%, yellow ≥50%.


Single cell-amplified genomes were found to belong to the following bacterial phyla: Bacteroidota (43% of SAGs), Firmicutes (31%), Desulfobacterota (19%), Pseudomonadota (1.0%), Spirochaetota (1.0%), and Synergistota (2.1%). Three SAGs were identified as Archaea (2.1% from Methanobacteriota, 1.0% from Halobacteriota). Phyla identified in the 16S rRNA gene dataset that are not found in the SAG dataset are primarily lower-abundance taxa, which include members of Verrucomicrobiota and archaeal phylum Thermoplasmatota (typically present at 1–2% of 16S rRNA gene libraries).

Within found phyla, most families abundant in 16S rRNA gene data are also represented here (Supplementary Tables S1-5); notable exceptions are Firmicutes families Enterococcaceae and Lactobacillaceae (3.5 and 4.7% in 16S rRNA gene libraries, respectively). CheckM taxonomic analysis of the 386 low-coverage genomes found no SAGs classified as Lactobacillales even in this broader sampling, suggesting a methodological bias against these groups. One source of bias may come from sample preparation for SAG sequencing. Vortexing after slicing open may not liberate microbes in strong association with the gut wall. Similarly, cell-sorting may bias against filamentous organisms, which includes many clostridial species (Hedblom et al., 2018). However, 16S sequencing also presents bias, as some taxa are known to carry multiple copies of 16S rRNA genes (Větrovský and Baldrian, 2013), and even “universal” primers do not amplify all organisms with equal efficiency.

To measure the diversity of sampled SAGs, pairwise average nucleotide identity (ANI) was calculated between all genomes. ANI values and tree placement indicate we have a diverse collection of SAGs: with two thirds lacking significant ANI (80%) with any other SAG. However, one third of SAGs (32/96) exhibit 80–100% ANI with at least one other SAG, and 17 of those share >99% ANI with a match, suggesting recovery of multiple isolates of the sample species (Ciufo et al., 2018).

To better evaluate the in vitro abundance and activities of organisms captured in our SAG library, we mapped metagenomic and metatranscriptomic reads from the hindguts of cockroaches fed a variety of diets to our SAGs and to RefSeq. 38.4–73.1% of metatranscriptome (mean 62.3%) and 18.7–74.7% of metagenome reads (mean 49.0%) matched either RefSeq or this SAG dataset. 14.2–64.7% of metatranscriptome reads with hits (mean 39.4%), and 22.6–49.0% of metagenome reads (mean 38.1%) mapped with equal or higher bit scores to our SAGs than to any other bacterial/archaeal genome currently present in RefSeq (see Supplementary Tables S1-9, S1-11 for details). Average transcriptional activities of SAGs—normalized by their average abundance in the metagenome dataset—are displayed in Figure 1. Most SAGs have comparable abundances in the metatranscriptome and metagenome datasets, as seen by their placement near 1 in Figure 1C. However, other groups do show higher average transcriptional activities, with Methanosarcinaceae and Desulfobacteraceae showing some of the highest transcriptional activities. Many Firmicutes showed lower relative activity levels, although Clostridiaceae SAGs are associated with higher relative activity levels than most in its phylum.

Many of the most abundant KEGG functions associated with our SAGs include key housekeeping activities such as protein production (sigma factors, RNA polymerase, elongation/termination factors, non-specific chaperones, quality control peptidase/RNases) and carbon flux maintenance (glycolysis, TCA cycle, and related enzymes). Other key functions include oxygen radical detoxification (superoxide dismutase, peroxiredoxins) and iron sequestering (bacterioferritin). Highly abundant orthologs for glycolysis and the TCA cycle are especially common in Bacteroidota SAGs (Figure 3E). Members of Frigididesulfovibrio and Desulfosarcina indicate an abundance of sulfur metabolism transcripts. Lachnospiraceae and Christensenellales SAGs transcribe high amounts of ABC transporters. We also notice variability in the transcriptional levels of KEGG orthologs within taxonomic groups that may be caused by incomplete genome recovery. For instance, sulfate adenylyltransferase (sat; K00958) and dissimilatory sulfite reductase (dsrAB; K11180/K11181) are sulfate metabolism genes with some of the highest average transcription levels across all Frigididesulfovibrio. However, Frigididesulfovibrio SAGs with low transcriptional activity of sulfur metabolism (C06, F07, I05, and M16) are all missing dsrAB from their genomes, in addition to sat missing from C06, F07, and M16. Similarly, Christensenellales SAGs transcribing more glycolysis orthologs and fewer ABC transporters (K19, L17, A19, and K08) are less complete (Figure 3E) and have fewer instances of ABC transporters present in the genome. Therefore, some of the within-taxon transcriptional variability seen in Figure 3E is likely an artifact of the genes recovered in each SAG. Information on genome completeness is available in Figure 3E and Supplementary Table S1-3, and information on KEGG ortholog recovery for each genome is available in Supplementary Table S2-2.
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FIGURE 3
 (A–E) Histogram of transporters found in SAG genomes (A) and stacked bar chart of associated transporter families matching sequences (B). Transporter families with a maximum abundance of at least 6% of transporter-related genes within SAGs are listed at right. Histogram in (C) shows counts of CAZymes and polysaccharide-utilizing loci (PULs in purple) found with PULpy and HMMer, normalized by genome size. Part (D) displays relative transcriptional abundance of CAZy domains. CAZymes with a maximum proportion of at least 0.5% of transcripts from SAGs are shown here. This relative abundance is scaled by columns to highlight transcriptionally abundant domains within SAGs. Rows are clustered based on CAZyme transcriptional patterns. Heatmap of KEGG pathways represented by SAG transcripts is shown in (E). Metatranscriptome reads from SAGs were mapped to KEGG orthologs (KOs), and KEGG pathway abundance was calculated using its proportion of mapped reads within each SAG. Z-scores are scaled by columns to emphasize differences in KEGG pathway transcriptional abundance between SAGs. Pathways included in this figure were manually chosen. Rows are clustered based on KO transcriptional patterns.


We were able to identify distinct patterns in the type and proportion of transporter families and CAZymes present across clades. We analyzed the presence/absence and transcriptional abundance of SAG genes associated with key symbiotic functions, including transporters, carbohydrate-active enzymes, genes for sulfate reduction, methanogenesis, and bacterial microcompartments (see Supplementary methods and Supplementary File S1 for full list). Given that uric acid is a form of nitrogen storage in the cockroach fat body, we also probed SAGs for genes involved in uric acid metabolism. However, we found no genes matching uricase (pucL; HMM domain score > 168.4) in any SAGs. Proteins above the HMM threshold for urease (urea amidohydrolase, ureC; HMM domain score > 680.0) were also not found, although many SAGs contained proteins annotated as amidohydrolases. Possible nitrogen-fixing bacteria present in P. americana include Paludibacter, Bacteroides, and Dysgonomonas species (Inoue et al., 2015), but nitrogenase (NifH) was only found in methanogen SAGs. Genomic elements were combined with transcriptional profiles to learn active key metabolisms for single cells in this environment.

The top five transporters found in our SAGs include histidine kinases, SusC, type VI secretion systems (T6SS), putative DNA transformation systems, and outer membrane receptors (OMR). SAG taxa showed strong differences in TCDB family abundance within their genomes (Figure 3B). Outer membrane receptor/TonB-dependent receptor family proteins were strongly associated with the Bacteroidota phylum. These types of transporters are present in all free-living Bacteroidota and promote their canonical polysaccharide-degrading niche, which is commonly studied in human gut isolates (Martens et al., 2008). Desulfobacterota and methanogenic Archaea contain the greatest proportion of hydrogen:heterodisulfide oxidoreductases (likely representing Dsr and HdrABC, respectively). Desulfobacterota also has the greatest proportion of T6SSs. A T6SS strategy common in SAGs of all taxa reported here (TCID 3.A.23.6.1) may confer escape from host cells (Böck et al., 2017).

Carbohydrate-active enzymes (CAZymes) are identified in all SAGs, ranging from two to 188 per genome. The average number of CAZymes is 40.4 per genome or 3.98 per 100,000 bp sequenced. We find 248 unique CAZyme families in this dataset, including 18 carbohydrate binding modules (CBMs) and 142 glycoside hydrolases (GHs). Figure 3D shows transcriptional abundance of 15 CAZyme families with maximum relative abundance >0.5% in at least one SAG’s transcripts. One of the most widespread and highly transcribed CAZyme domains across our dataset is the GT2 family, but the wide range of specificities in this family limits inferences that can be made. Human gut methanogens are thought to use this domain to produce N-acetylneuraminic acid (Neu5Ac)—a predominant sialic acid found on human mucus/epithelial surfaces—to mimic host gut glycans (Samuel et al., 2007). This suggests a potentially important role for this domain in our SAGs’ interaction with the cockroach host.

Cellulosome components were also found (HMM domain score > 24.1). HMMer identified cohesin (PF00963) in Christensenellales M02. Dockerins (PF00404; HMM domain score > 22.9) were found in Alistipes B03, Bacteroides D19/J23, Bacteroidales M11, Acholeplasma E16, and Christensenellales L17/M02/M15/N14, and match scores were highest in Firmicutes SAGs. Interestingly, dockerin genes identified by HMMer are assigned to a KEGG entry for stage-II sporulation protein (K06381). Other functions that are more specific to individual bacterial groups are discussed in their respective sections below.

We also examined SAGs for the presence of genes encoding bacterial microcompartments (BMCs). BMCs are metabolic organelles composed of a protein shell that functions to localize substrates and enzymes (Sutter et al., 2021). Evidence of microcompartment shell proteins is found in six SAGs. These organisms are all classified as either Desulfobacterota or Lachnospiraceae. One Desulfobacterota (M10) and one Lachnospiraceae (J05) were found to have complete microcompartment loci (containing all genes necessary: shell proteins, regulator, aldehyde dehydrogenase, PTAC, alcohol dehydrogenase, signature enzyme). BMCs identified are estimated to participate in metabolism of ethanolamine, fucose/rhamnose, choline, and taurine (Sutter and Kerfeld, 2022).

Together, these data provide new insight into potential functional activities of a wide diversity of cockroach gut microbiota, as summarized in Figure 4. Below, we discuss specific findings for each of the major sub-groups. We focus on nutrient partitioning between groups of microbes sharing similar functional activities and their potential to impact their peers and host.
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FIGURE 4
 Model of substrate flow in the cockroach hindgut.




3.2. Bacteroidota

All SAGs classified as Bacteroidota were placed in the Bacteroidales order, with the most common genera being Parabacteroides, Bacteroides, Odoribacter, Dysgonomonas, and Alistipes. These genera are all within the top 10 most abundant of all genera found in P. americana 16S datasets (Supplementary Table S1-6). The family Azobacteroidaceae is also relatively common, with six representatives that could not be assigned to a genus. This family does not exist in SILVA and therefore its 16S prevalence cannot be compared. Bacteroidota SAGs are assigned to 27 putative species-level clusters based on ANI, including an Odoribacter cluster comprising four SAGS (A06, G04, J03, L07). Some SAGs may represent clones of the same genome based on tree placement and 97–99% ANI over aligned fragments (Supplementary Table S1-7), while others indicate more remote relationships. Recovering multiple representatives from the same taxon allows us to look for shared functions in the members of that group.

Based on 16S rRNA gene phylogeny, cockroach SAGs classified as Bacteroides spp. belong to a single clade distinct from most Bacteroides type strains in SILVA (Figure 2A). Similarly, phylogenomic analysis (Supplementary File S1) clusters our SAGs with other Bacteroides isolates from P. americana (Vera-Ponce De León et al., 2020). This is consistent with previous studies showing distinct insect-gut and mammalian-gut adapted lineages of Bacteroidota as well as evidence of phylosymbiosis (Schauer et al., 2012w Tinker and Ottesen, 2020). Several diverse SAGs are placed within the genus Parabacteroides. Seven of the eight Parabacteroides (B22, G06, G07, G21, J18, K15, O15) show low average intra-genus ANI (89.2%), supported by variable 16S rRNA gene tree placement. Many of their closest relatives were also isolated from P. americana and other cockroaches, although one SAG (G21) shares more similarity with a bacterium isolated from an anaerobic wastewater digester, potentially indicating more widespread environmental distribution. The six Azobacteroidaceae SAGs form a monophyletic group that shares ANI <80%. Only two well-characterized candidate genera are found in GTDB for Azobacteroidaceae: Azobacteroides and Symbiothrix. We note that the G + C content of our Azobacteroidaceae SAGs is substantially higher (40.2% average) than Azobacteroides pseudotrichonymphae (30.1% average), suggesting considerable evolutionary distance from this microbe. However, both genera have members that are symbionts of termite gut protists (endo- and ecto-, ciliates and flagellates) (Hongoh et al., 2007, 2008), so it is possible our Azobacteroidaceae SAGs represent another clade of Azobacteroidaceae that interacts with cockroach protists. Presence of protists in our stock cockroaches has been confirmed via light microscopy (data not shown), although their identity has not been established.

Twelve Bacteroidales SAGs fall within a monophyletic group that represents a poorly characterized, insect-derived lineage (Figure 2A). In both 16S rRNA gene and genome trees, these Bacteroidales SAGs are placed into groups populated only by cockroach and termite references (Figure 2A; Supplementary File S1). We identify two distinct clades, each with four SAGs (A14-B11-C03-E04 and K03-K22-L05-L14), that share high within-clade ANI values (averaging >99%) but no between-clade overlap. A single 16S rRNA gene reference sequence for one of these clades is included in DictDB (Mikaelyan et al., 2015), where it is classified as a member of Porphyromonadaceae Gut Group Termite Cluster I. In SILVA, they fall into the PeH15 and M2PB4–65 termite groups. As the taxonomy of these specialty families is poorly developed, we have designated these strains as unclassified Bacteroidales.

Carbohydrate-active enzymes (CAZymes) are significantly more common in Bacteroidota SAGs than any other phylum (p ≤ 0.01, one-tailed T-test), with an average of 5.28 CAZymes per 100,000 bp sequenced. We identified 191 different CAZymes in this group. Bacteroidota is the only phylum of this dataset containing polysaccharide-utilization loci (PULs), of which we identified 229 total. Approximately half of all PULs found include an associated CAZyme (111/229). While this is lower than a previous study of cockroach Bacteroidota, which found approximately 75% of PULs with CAZymes (Vera-Ponce De León et al., 2020), this is likely due to the fragmentary nature of our SAGs (average number of contigs per SAG = 128; average contig size = 12.5 Kbp).

Based on RNA:DNA ratios, members of Bacteroidota are moderately active on average, with different families showing metatranscriptome abundance levels higher, lower, or equal to their abundance in the metagenome (Figure 1C). Highly expressed transcripts include many of the transport and carbohydrate-degrading genes described above. This is consistent with the long-standing association between Bacteroidota and primary degradation of complex polysaccharides in gut environments (Figure 4). However, activities of different groups within this phylum demonstrates that these groups each fulfill unique niches within the gut environment.


3.2.1. Bacteroides and Parabacteroides

Six Bacteroides and eight Parabacteroides SAGs were recovered. These closely related genera show substantial overlap in functional capacity and transcriptional activity. All Bacteroides and Parabacteroides SAGs contain both CAZymes and PULs. At least some components of all PULs in Bacteroides and Parabacteroides SAGs are transcribed, with SusCD often the highest transcribed components.

The highest transcribed PUL in Bacteroides D19 indicates activity on xylan, given its domains with xylosidase/arabinofuranosidase (GH43, GH146) and xylanase (GH10, GH5_21) functions. Common CAZymes found in PULs of this dataset (CE1, GH2, GH3, and GH43) can work together to degrade polysaccharides often found in wood/cereal grains. CE1 functions to break carbohydrate polymer backbones into their constituent sugars. Family GH43 domains remove arabinofuranose groups from an arabinoxylan backbone, and GH2/GH3 have glucosidase activity.

Though Bacteroides and Parabacteroides SAGs show similar transporter and polysaccharide strategies in their genomes, we see distinct CAZyme activities for these genera in their transcripts (Figure 3D). CAZymes transcribed by Bacteroides SAGs are diverse, as shown in Figure 3D—including CE1, GT2, GH2, GH3, and GH109. Furthermore, the top five CAZymes from any one Bacteroides SAG are seldom shared with other SAGs from its taxon. In contrast, Parabacteroides SAGs appear more specialized, as GH109 (α-N-acetylgalactosaminidase) is consistently the single top transcribed CAZyme from this group.

Results in Figure 3D are similar to (Vera-Ponce De León et al., 2020), in which researchers found cultured Bacteroides from the cockroach gut targeted a higher diversity of substrates than Parabacteroides. GH109 is a domain found to catabolize mucin-type O-glycans (Liu et al., 2007), while CE1, GT2, GH2, and GH3 have broad substrate specificities (Harvey et al., 2000; Breton et al., 2005; Talens-Perales et al., 2016; Nakamura et al., 2017). Prioritizing GH109 may allow Parabacteroides to feed off host glycans, rather than competing with Bacteroides for high-demand substrates in the cockroach gut. Bacteroides species meanwhile may focus on diverse dietary polysaccharides. These complementary primary fermentation functions reflect overall ecological actions of Bacteroidota found in host systems (Salyers et al., 1977; Rey et al., 2013; Vera-Ponce De León et al., 2020).

One surprising feature is that both genera show high transcriptional activity of proteins annotated as RND efflux pumps (TCID 2.A.6), indicating this is a key function in these organisms. This is interesting, as the most well-established function for RND efflux pumps in the human gut isolate Bacteroides fragilis is antibiotic resistance (Ueda et al., 2005). As our cockroaches have not been exposed to exogenous antibiotics, this suggests that RND efflux pumps serve a broadly important function in the cockroach gut, likely eliminating antibiotics or toxins produced by other microbes or the host (Fernando and Kumar, 2013).



3.2.2. Dysgonomonas

Two Dysgonomonas SAGs were recovered, both containing PULs at a density close to that of Bacteroides and Parabacteroides SAGs and transcribing a variety of CAZymes (Figure 3). Like Bacteroides SAGs, orthologs in fructose/mannose and starch/sucrose metabolisms show significant transcriptional activity in Dysgonomonas SAGs (Figure 3E). Dysgonomonas D17 also transcribes an uptake-hydrogenase (3.D.7.2.3), which is used in hydrogen production from sugar fermentation (Zbell and Maier, 2009). Hydrogen is a substrate capable of cross-feeding with sulfate reducers and methanogens. These activities support polysaccharolytic function of our Dysgonomonas SAGs.



3.2.3. Azobacteroidaceae

The six Azobacteroidaceae SAGs have genomic CAZyme density similar to Bacteroides and Parabacteroides SAGs, but Azobacteroidaceae transcripts for starch-utilization systems and polysaccharide metabolism are not as common as in the other taxa. Azobacteroidaceae M11 only transcribes two of its five PULs, and PULs are less common in this family than Bacteroides and Parabacteroides (Figure 3C). SAGs in this family also do not show a consistent transcriptional CAZyme pattern (Figure 3D). Azobacteroidaceae in this dataset display prevalent transcripts involved in glyoxylate and dicarboxylate metabolism (Figure 3E), especially converting propionyl-CoA to succinyl-CoA.

The closest reference, Symbiothrix dinenymphae, exhibits both amino acid and cellulolytic abilities in relationship with its termite protist host (Yuki et al., 2015). Our SAGs do not indicate specialization in cellulose breakdown, however propionyl-CoA is produced by branched-chain amino acid and odd-chain fatty acid catabolism. This and their relatively high level of nitrogen metabolism orthologs (Figure 3E) suggests they may be metabolizing amino acids, either individually or in association with a protist host.



3.2.4. Unclassified Bacteroidales

Twelve SAGs (A14, B11, C03, C19, E04, I21, J16, K03, K22, L05, L14, L19) belong to a monophyletic group of unclassified Bacteroidales. These genomes show a lower proportion of OMR transporters and fewer CAZymes than other taxa in this phylum (Figure 3C). Most Bacteroidota SAGs lacking PULs are unclassified Bacteroidales. CAZyme domain GT2 shows high transcriptional activity (Figure 3). As mentioned above, GT2-containing proteins have several potential activities, but methanogens of the human gut may use them to mimic host gut glycans (Samuel et al., 2007). Other host-association proteins such as adhesin molecules (cadherin-like) and immune system modulators (hemagglutinin, gingipain, streptopain, C5a-peptidase, K09607) are also transcribed in these SAGs.

Top transcripts from three of these Bacteroidales SAGs (K03, L05, L14) are gliding motility-associated proteins (K20276, BapA), T9SSs, and the Sec proteins required by T9SSs (TCID 2.A.130) for effector protein export (Mcbride, 2019). With host-like glycans produced via GT2, other microbes may even adhere to this bacterium and be pulled along via its gliding motility, as in another Bacteroidota member of the oral microbiome (Shrivastava et al., 2018). Indeed, BapA (K20276), has been shown to promote biofilm formation in a diversity of bacteria, and has been implicated to mediate cell–cell interactions (Latasa et al., 2005).

Although many top transcripts mapping to this group encode proteins of unknown function, it is clear these unclassified Bacteroidales have a distinct functional profile from other Bacteroidota, potentially related to host–microbe or microbe–microbe interactions rather than primary fermentation of polysaccharides.




3.3. Firmicutes

We identify a high diversity of Firmicutes members in our SAG dataset. Firmicutes SAGs are placed into the following families: Ruminococcaceae, Christensenellaceae, Lachnospiraceae, Oscillospiraceae, Erysipelotrichaceae, Butyricicoccaceae, Peptostreptococcaceae, and Acholeplasmataceae (Figure 2). From Bacteroidota, we recovered multiple members of a few select genera, but Firmicutes SAGs show a high degree of genomic diversity with little overlap between recovered genomes. Ruminococcaceae SAGs are the least diverse, encompassing a cluster of six related genomes and a member of a sister clade (L11). Two of these (D13 and A11) are the only two Firmicutes that align sufficiently to allow ANI calculation, although similarity was relatively low (85.1% over 16% of D13 genome; Supplementary Table S1-7). The seven Christensenellales SAGs are not placed into any currently described family and are instead found in 2–3 clades basal to Christensenellaceae. Similarly, one SAG from Oscillospirales is placed basal to Oscillospiraceae near 16S rRNA gene sequences recovered from mammalian feces. The Lachnospiraceae SAGs include one Breznakia organism and three additional SAGs, each belonging to separate clades of this family. Two Firmicutes SAGs are classified at the genus level: Acholeplasma E16 and Breznakia G09. With little phylogenetic overlap, analyses of Firmicutes SAGs indicate a diverse collection of organisms with few closely related relatives in reference databases.

Three SAGs could be classified by their 16S rRNA gene but did not have closely related genomes in RefSeq. Selenomonadales I06 shows 16S rRNA gene similarity with Dendrosporobacter spp., but searching RefSeq using marker genes from this SAG did not identify Dendrosporobacter quercicolus as a reference for the genome tree. Furthermore, while the closest relatives by 16S rRNA gene analysis of Oscillospirales G02 and Acholeplasma E16 are uncultured clones from mammals, they lack close relatives with sequenced genomes in RefSeq (Supplementary File S1). This illustrates that, although there is evidence of SAGs from these taxa in similar environments, the genomes in this dataset represent largely unknown groups.

Polysaccharide degradation and production of SCFAs are often the focus of gut Firmicutes discussions in the rumen and human gut (Barcenilla et al., 2000; Cockburn and Koropatkin, 2016). However, we find fewer CAZyme domains per bp of genome in Firmicutes than Bacteroidota SAGs (value of p < 0.01). Of the CAZymes present, GT2 is highly transcribed in many Firmicutes SAGs (polyspecific, polysaccharide synthesis including glycans and cellulose). GT51 (peptidoglycan glycosyltransferase), GH109 (mucin-type O-glycan metabolism), and GT35 (glycogen/starch phosphorylase) are variably transcribed across taxa and do not show group-specific patterns. Dockerins for cellulosomes are present in genomes of Firmicutes SAGs, especially members of Christensenellales. However, the transcriptional levels of these are quite low. Although we find polysaccharolytic evidence in top transcripts by some Firmicutes SAGs (e.g., Ruminococcaceae L11, Oscillospiraceae G22), activities of our organisms instead support their utilization of a diversified set of metabolic substrates.

To facilitate their metabolic endeavors, Firmicutes transcribe many ABC-transport systems (Figure 3E). This includes transporting branched-chain amino acids (K01997-K01999), peptides (TCIDs 3.A.1.5), and polysaccharide constituent sugars (TCIDs 3.A.1.1) (Chow et al., 2007). Firmicutes SAGs in many cases show high transcription of various pathways for utilization of these amino acids, sugars, and—in some cases—a potential for autotrophic CO2 reduction. This is consistent with reports that this phylum can engage in amino acid fermentation and carbon fixation in humans (Amaretti et al., 2019; Guo et al., 2020; Trischler et al., 2022). It also supports Firmicutes as secondary degraders of polysaccharides, as demonstrated in simplified co-cultures of human isolates (Falony et al., 2006). Finally, prevalent transcription of motility-related genes unites Firmicutes SAGs (Figure 3E).

Firmicutes SAGs also show high potential for genetic exchange. This is in agreement with a study of mobile genetic elements in the human gut (Jiang et al., 2019). Type IV secretion systems (T4SSs) functioning in transformation, conjugation, or other putative protein/DNA secretion systems are prevalent in our SAGs and actively transcribed by these groups (Figure 3B), as are transposases (K07497, K07486) and recombinases (K06400). Of 108 instances of relaxase in our SAGs, 54 belonged to Firmicutes genomes, while Bacteroidota and Desulfobacterota split most of the remaining (25 and 26 respectively). This suggests this group may have a higher degree of genomic plasticity than many in the gut. In accordance with this, our Firmicutes SAGs exhibit low genomic overlap combined with high phylogenetic and functional diversity.


3.3.1. Ruminococcaceae

The six recovered SAGs in this family show particularly high expression of sugar-binding proteins (K02025-K2027) and sugar-specific ABC transporters (TCIDs 3.A.1.1). Some SAGs also indicate transcription of peptide transporters (TCIDs 3.A.1.5), particularly Ruminococcaceae I18. For this SAG, up to 10% of transcripts are glycine reductase components A and B (K10670-K10672), suggestive of reductive Stickland metabolism. Separately, A16 transcribes a full suite of enzymes for catechol degradation to pyruvate (K00446, K10216, K02554, K01666). Catechol is key in insect cuticular development for the gut lining and is found in plant-derived compounds of the host’s diet (Andersen, 2010; Maini Rekdal et al., 2020). Catechol degradation demonstrates their potential for metabolic variety.

Sugar metabolism suggests a role as secondary carbohydrate degraders, primarily importing simple sugars for fermentation, as seen in human isolate Eubacterium rectale when grown with polysaccharide-degrading Bacteroides thetaiotamicron (Mahowald et al., 2009). Meanwhile, reductive Stickland metabolism harvests power by fermenting amino acids to acetate (Bouillaut et al., 2013). Together, these results suggest that in the cockroach gut, Ruminococcaceae are important in the metabolism of secondary substrates released from the degradation of polysaccharides and proteins by Bacteroidota (Figure 4).



3.3.2. Christensenellales

Eight members of Christensenellales were found. Half of these SAGs (L17, M02, M15, N14) possess proteins identified as dockerins (K06381) that are also transcribed, albeit at relatively low levels. Two of these genomes (L17/M15) transcribe saccharide ABC transporters (TCIDs 3.A.1.1/3.A.1.2), while N14 shows high transcription of a mannose transport system (TCID 4.A.6.1.27). Similarly, transcriptional levels of glycolysis-related transcripts in Christensenellales SAGs are more like Bacteroidota SAGs than other Firmicutes (Figure 3), supporting their fermentation of carbohydrates and production of SCFAs (Fischbach and Sonnenburg, 2011; Flint et al., 2012).

Single cell-amplified genomes in this taxon also focus transcriptional activity on amino acid metabolism, as seen previously in members of class Clostridia (Barker, 1981; Fischbach and Sonnenburg, 2011). Highly transcribed ABC transporters are for peptides (TCIDs 3.A.1.5) and branched-chain amino acids (TCIDs 3.A.1.4). Six of the eight Christensenellales SAGs transcribe high levels of a 2-oxoacid ferredoxin oxidoreductase (K00174-6) displaying homology to 3-methyl-2-oxobutanoate dehydrogenase. This enzyme aids in catabolism of branched-chain amino acids (Bowden and Connelly, 1968). Other enzymes that degrade aromatic amino acids are also transcribed in our Christensenellales SAGs (K11381, K00826, K00382), supporting activity on these substrates.

Christensenellaceae K19—the only representative classified to the family level—displays potential for carbon fixation activity by transcribing carbon monoxide dehydrogenase (K00198) and acetyl-CoA decarbonylase/synthase (K00194) (Figure 4). Acetogenesis is a contribution often fulfilled by Firmicutes across a variety of hosts (Rey et al., 2010; Karekar et al., 2022). However, no formate dehydrogenase nor other enzymes in the methyl branch of the Wood-Ljungdahl pathway were found in this SAG, suggesting the organism may be coupling this metabolism to another pathway.

One potential coupling uses glycine to produce the methylene-THF substrate for acetyl-CoA synthase (Song et al., 2020). Indeed, the required enzymes for this portion—glycine dehydrogenase (K00281-3) and aminomethyltransferase (K00605)—are transcribed by K19. Using glycine in this way is reasonable, given the prevalent amino acid transporters in this SAG. Alternatively, with an estimated completeness of 21.0%, it is possible that genes for CO2 reduction to methylene-THF were present in the SAG but missed in sequencing. Overall, metabolic activities discussed above indicate Christensenellales SAGs exhibit diverse metabolic strategies, including carbohydrate fermentation, aromatic amino acid metabolism, and carbon fixation.

For Christensenellales A19, we see transcription of multiple phage-related proteins, including major capsid proteins and protective DNA-methyltransferases, suggesting active phage infection (Naito et al., 1995). Phage evidence is consistent with previous findings that Firmicutes possess more prophages than Bacteroidota (Jiang et al., 2019) and supports a role for phages in shaping gut microbiota (Hsu et al., 2019).



3.3.3. Lachnospiraceae

Three Lachnospiraceae SAGs were recovered. ABC transporters are highly transcribed in this group, with specificity for sugars. Two SAGs (D06 and J05) also show potential bacterial microcompartment loci for fucose/rhamnose processing using glycyl radical-containing enzymes (Petit et al., 2013). J05 carries and expresses a complete BMC locus, and its highest transcribed ABC transporter is for fucose (TCID 3.A.1.1.47).

The fucose/rhamnose type of BMC has only been found in Firmicutes (Sutter et al., 2021). Fucose is a common glycan on cell wall components and mucins, including the peritrophic membrane of some insects (Liu et al., 2019). In organisms metabolizing fucose without a BMC, 1,2-propanediol is secreted and—in Salmonella typhimurium—recaptured and used by the organism once fucose is exhausted (Baldoma et al., 1988; Obradors et al., 1988). The BMC instead sequesters reactive intermediates produced during fucose/rhamnose fermentation and extracts the full potential from the substrate before excretion (Petit et al., 2013). Overall, these results suggest that like other members of this phylum, Lachnospiraceae are active in sugar metabolism and show unique metabolic strategies.




3.4. Desulfobacterota

In Desulfobacterota, SAGs fall into three groups with varying degrees of diversity: Desulfovibrionaceae, Desulfobacterales, and unclassified Desulfobacterota. The Desulfovibrionaceae appear to be represented by a moderately diverse clade associated with the Frigididesulfovibrio genus (Figure 2C; Waite et al., 2020). The presence of genomic diversity within Frigididesulfovibrio is supported by ANI results, with only two Frigididesulfovibrio SAGs (F20 and M16; estimated 12.2 and 28.4% complete, respectively) producing valid ANI alignments (34.75% of M16 aligned to F20 with 98.43% ANI) The remaining nine Frigididesulfovibrio members did not align well enough to meet inclusion criteria for ANI analysis. We do not think lack of alignment is purely due to the fragmentary nature of the SAGs, as genome completeness estimates of unaligned Frigididesulfovibrio are 29.3–78.2%. Of the five Desulfobacterales SAGs, one could not be classified further (F15), and the other four are closely related to Desulfosarcina. These four were found to align with one another and share 82.8–99.8% ANI over the alignment (25.8–89.2% aligned). Our unclassified Desulfobacterota SAGs cluster with clones from other cockroaches: this group is positioned basal to Desulfobacterales but diverges after Desulfovibrionaceae. In the 16S rRNA gene tree, this corresponds to the Rs-K70 termite group. While this group in SILVA is mostly composed of 16S rRNA gene sequences from termite hosts, our SAGs cluster in a monophyletic group with sequences from non-termite hosts including cockroaches, a scarab beetle, and angelfish (Beccati et al., 2017).

Moreso than in other phyla, transcripts with CAZyme domain GH23 (peptidoglycan lyase) are common in Desulfobacterota. Activity from this domain is used to remodel the cell wall for growth, division, and insertion of large structures such as flagella and secretion systems (Scheurwater et al., 2008). T6SSs are also markedly more abundant in Desulfobacterota members than other SAGs (Figure 3B). The majority of T6SS proteins in this phylum are similar to Vibrionaceae-types for antimicrobial compounds and host-interaction (TCID 3.A.23.1.1) (Dar et al., 2018). These secretion systems may be used to kill competing bacterial cells and even take up their released DNA, as is seen in Vibrio cholerae (Borgeaud et al., 2015). Toxins (K01406) and natural transformation genes (K02650, K02666) are indeed transcribed by our Frigididesulfovibrio and Desulfosarcina SAGs, respectively. SAGs from this phylum also display high average transcription of proteins for flagella (K02406) and two-component sensing systems (K03406, K03415), which may allow the organism to find localized sources of electron acceptors, as seen in environmental isolate, Nitratidesulfovibrio vulgaris Hildenborough (Ray et al., 2014).

Desulfobacterota in general are well known for their ability to reduce sulfate. Nearly all Desulfobacterota SAGs encode at least some genes required for sulfate reduction, except the genome with the fewest CDSs recovered: Frigididesulfovibrio F07. Many of the SAGs in this phylum transcribe high levels of sulfate reduction genes, including dissimilatory sulfite reductase (K11180/K11181), adenylylsulfate reductase (K00394/K00395), thiosulfate reductase (TCID 5.A.3.5.1), and sulfate adenylyltransferase (K00958), as well as H2:heterodisulfide oxidoreductases (TCID 5.B.12.1.2) thought to reduce dissimilatory sulfite reductase, DsrC (Venceslau et al., 2014).

Sources of sulfur in animal guts include sulfated amino acids from the host or its diet, as well as sulfated glycans (Carbonero et al., 2012). There is also evidence of O2 diffusion into the cockroach gut periphery (Bauer et al., 2015), which could potentially allow for the establishment for a complete sulfur cycle within the gut. Termite Frigididesulfovibrio were found to oxidize sulfide and therefore were capable of every step of the sulfur cycle (Brune et al., 1995; Dröge et al., 2005). Our Frigididesulfovibrio SAGs did not show evidence of sulfide oxidation genes (soxB, K17218), however these may have been missed in our fragmentary genomes. Given the surprisingly high levels of activity in this group and their universally high expression of sulfate reduction genes, we feel that non-dietary sources of oxidized sulfur deserve further attention.


3.4.1. Frigididesulfovibrio

Eleven SAGs were classified as Frigididesulfovibrio. Frigididesulfovibrio SAGs transcribed periplasmic NiFe hydrogenases (K00437/TCID 3.D.7.2.1), lactate permease (K03303/TCID 2.A.14.2.2), and a protein mapping to lactate utilization protein B that is also annotated as a respiratory protein involved in sulfate reduction (TCID 3.D.7.1.2) (Guiral et al., 2005; Zane et al., 2010). As seen in human and environmental sulfate reducing bacteria (Zane et al., 2010; Rey et al., 2013; Tao et al., 2014), our findings indicate that our Frigididesulfovibrio may use both hydrogen and lactate as electron donors (Figure 4).

Hydrogen has previously been identified as a key energy intermediate in termite guts, especially in reductive acetogenesis and methanogenesis (Pester and Brune, 2007; Schauer et al., 2012). Brune and colleagues documented lactate presence and high rates of lactate turnover in termite and cockroach guts (Pester and Brune, 2007; Schauer et al., 2012). In vitro experiments with lactate and the human colonic isolate, Desulfovibrio piger, indicated use of lactate for hydrogen sulfide production (Marquet et al., 2009). Although the energy-yielding potential for lactate as an electron donor is lower than that of hydrogen (Thauer et al., 1977), Nitratidesulfovibrio vulgaris Hildenborough has been shown to prefer lactate over hydrogen (Tao et al., 2014). This lactate usage may be a realized niche for sulfate reduction by Frigididesulfovibrio in the cockroach.

A few Frigididesulfovibrio SAGs (G15, I05, M16) contain prevalent transcripts for glycogen metabolism (K00688). A glycogen/starch phosphorylase CAZyme domain (GT35) is moderately transcribed (Figure 3D). Glycogen use has been found in Desulfovibrio, Nitratidesulfovibrio, and Megalodesulfovibrio species from diverse environments (Stams et al., 1983) and shown as important for gut colonization in other human symbionts such as Lactobacillus acidophilus and Bifidobacterium (Goh and Klaenhammer, 2014; Milani et al., 2015). The ability to store carbon as glycogen for later use could be a competitive strategy important for these cockroach gut symbionts.

Other Frigididesulfovibrio were found to encode potential BMC components suggestive of taurine or choline metabolism. Two loci in Frigididesulfovibrio C06 (GRMguf) are proposed to break carbon-sulfur bonds as in the metabolism of taurine via isethionate (Peck et al., 2019). Choline processing loci are also found in Frigididesulfovibrio (F07, G15), potentially allowing these organisms to use choline as a sole carbon, nitrogen, and energy source. Choline trimethylamine lyase (CutC: K20038) and its activating enzyme are both transcribed in G15.

Both taurine and choline metabolism could play important roles in this system. Taurine metabolism could be a BMC strategy to produce sulfite for use as a terminal electron acceptor, as documented in the human gut microbe and sulfite reducer, Bilophila wadsworthia, (Xing et al., 2019; Burrichter et al., 2021). Choline metabolism has implications for the host and neighboring organisms, as this pathway produces trimethylamine (TMA) as a waste product. TMA can be converted to TMAO by host cells, which has been linked to many health risks in mammals (Li et al., 2022). TMAO has been implicated in cardiovascular disease (Wang et al., 2011). Insect monooxygenases are poorly characterized (Sehlmeyer et al., 2010), so it is unclear if P. americana produces the enzyme necessary for TMA conversion to TMAO (flavin-containing monooxygenase, FMO3). However, excreted methylamines have been shown to assist in cockroach aggregation (Sakuma and Fukami, 1990). Separately, TMA has also been shown to serve as a substrate for methyl-reducing methanogenesis in Archaea, including Methanomicrococus blatticola (Figure 4; Hippe et al., 1979; Sprenger et al., 2000). Phosphatidylcholine is found in eukaryotic cell membranes, including insects and their diet components (Shiomi et al., 2021). These specialty metabolisms enable Frigididesulfovibrio SAGs to use low-competition substrates for essential processes and may also support cross-feeding with methanogens.

Desulfosarcina. As noted above, the four Desulfosarcina SAGs show evidence of sulfate reducing activity as a primary energy source. Heterodisulfide reductase (Hdr)-like enzymes (K03388) are found in the top transcripts of Desulfosarcina, but the electron source for these enzymes is not known in this context. Distinct from Frigididesulfovibrio, cockroach gut Desulfosarcina show a potential for aromatic metabolism (Figure 3). Transcripts for benzoate degradation include glutaryl-CoA dehydrogenase (K16173), 6-oxocyclohex-1-ene-1-carbonyl-CoA hydrolase (K07539), 3-hydroxybutyryl-CoA dehydrogenase (K00074) (Härtel et al., 1993; Carmona et al., 2009).

Most studied Desulfosarcina species are recovered from marine environments, where they are studied for degrading aromatic compounds and hydrocarbons, including benzoate and p-cresol (Galushko and Rozanova, 1991; Müller et al., 2001; Savage et al., 2010). Though Desulfosarcina have not previously been isolated from gut environments, our analyses indicate this may be an alternative ecological niche for them, where they could utilize aromatic dietary substrates. Aromatic compounds in the gut are a by-product of aromatic amino acid fermentation, and can have neurological implications in humans (Elsden et al., 1976; Pascucci et al., 2020).

As a whole, Desulfobacteraceae (including Desulfosarcina) is one of the most active families in this dataset (as defined by RNA:DNA ratio; Figure 1C) and makes up the largest proportion of metatranscriptome reads of any clade (Figure 1B). This is surprising based on this family’s abundances in 16S rRNA gene datasets from cockroaches and humans: approximately 0–3.4% (Pérez-Cobas et al., 2015; Tinker and Ottesen, 2016; Kiernan et al., 2021). It suggests that Desulfosarcina are highly active and may contribute more extensively to the function of the cockroach gut community than previously expected.



3.4.2. Unclassified Desulfobacterota

The two SAGs in this group dedicate smaller proportions of top transcripts to sulfate reduction than do Frigididesulfovibrio and Desulfosarcina. Rs-K70 contains references identified as potentially responsible for reductive acetogenesis in termite and cockroach guts (Rosenthal et al., 2013; Ikeda-Ohtsubo et al., 2016). References in the 16S and genome tree include a homoacetogenic bacterial endosymbiont localized to a Trichonympha flagellate from termite guts (Ikeda-Ohtsubo et al., 2016), indicating that our unclassified Desulfobacterota SAGs may fulfill a similar function. As such, transcripts for carbon monoxide dehydrogenase (K00198), formate dehydrogenase (K22015), formate-tetrahydrofolate ligase (K01938), 5-methyltetrahydrofolate corrinoid/iron sulfur protein methyltransferase (K15023), methenyltetrahydrofolate cyclohydrolase (K01500), and acetyl-CoA synthase (K14138) are expressed in this group, supporting active use of the Wood-Ljungdahl pathway.

Desulfobacterota M10 also has a highly transcribed BMC locus for ethanolamine metabolism, including transcription of its signature enzyme, ethanolamine ammonia-lyase (K03735/K03736). A similar locus in E. coli is thought to enable that bacterium to utilize ethanolamine as a nitrogen source for a competitive advantage (Bertin et al., 2011). Together, these results suggest that these Desulfobacterota complement sulfur compound reduction with metabolism of alternative carbon and nitrogen substrates. Differences in reference genome isolation source and characterized metabolic activities of references in this phylum suggest diverse evolutionary pathways and potential for specialization in sulfate-reducing bacteria of the cockroach gut.




3.5. Methanogenic Archaea

This dataset includes two discrete groups of methanogenic Archaea: Methanobacteriota (Methanobrevibacter) and Halobacteriota (Methanimicrococcus). The two Methanobrevibacter SAGs are nearly clonal, sharing an ANI >99.9% over an alignment that covers 70% of their genomes (Supplementary Table S1-7). Methanobrevibacter I08 is estimated as this dataset’s most-complete SAG at 86%. Though Methanobrevibacter species are well-known human gut archaea (Miller et al., 1982; Saengkerdsub and Ricke, 2014; Lloyd-Price et al., 2016), our SAGs’ 16S rRNA gene sequences indicate closer relation to an isolate from an anaerobic digester than to human-associated M. smithii (Savant et al., 2002). The Methanimicroccocus SAG (J09) is similar to Methanimicrococcus blatticola, also isolated from P. americana (Sprenger et al., 2000), but other references for this genus are non-host-associated, illustrating a gap in understanding of these organisms in a gut environment. Though Methanimicrococcus is not a prominent member of the human gut microbiome, this SAG is more prevalent than Methanobrevibacter in cockroach-derived 16S, metagenome, and metatranscriptome datasets and displays the highest average relative activity of any one SAG (Figure 1). Representation of two methanogenic taxa offers another opportunity to look at differences between taxa from the same functional group.

As expected, given the specialization of this group, all archaeal SAGs display many methanogenesis transcripts, and the H2: heterodisulfide reductase (Hdr) is present in all three SAGs. Very few CAZymes are found in our methanogenic archaea, as seen before (Samuel et al., 2007). The most prevalent domain transcribed is GT2, and this is the only CAZyme domain found in Methanimicrococcus. In methanogens, this domain is thought to aid in host mimicry and the production of N-acetylneuraminic acid (Neu5Ac), the predominant type of sialic acid found in human mucus/epithelial surface glycans (Samuel et al., 2007). Though these clades of methanogens complete similar functions, their transcriptional activities indicate distinct, functional specialization.


3.5.1. Methanobrevibacter

In addition to methanogenesis-related transcripts, both Methanobrevibacter SAGs transcribe hypothetical proteins that show homology to immunoglobulin-like proteins in other Methanobrevibacter species. Immunoglobulin-like proteins may be involved in adhesion (Ng et al., 2016). Our SAGs also transcribe GH109, a domain key in glycan degradation via alpha-N-acetylgalactosaminidase and removal of O-glycans (Liu et al., 2007).

These results are suggestive of adhesion and host-association. Studies have identified Methanobrevibacter as potentially associated with the hindgut wall in cockroaches and termites (Hackstein and Stumm, 1994; Brune, 2019). A related species by 16S rRNA phylogeny—Methanobrevibacter sp. LHD12—has been shown to be associated with flagellates in the termite gut (Tokura et al., 2000). Finally, a study comparing the human isolate M. smithii to non-gut methanogens found similar results that human isolate M. smithii is well equipped to mimic host glycans (using GT2) and adhere to host structures, such as mucosal glycosaminoglycans (Samuel et al., 2007).

Methanobrevibacter SAGs also show transcripts for formate dehydrogenase (K22516), potentially indicating the use of formate—in addition to hydrogen—as an electron donor for methanogenesis as described for rumen Methanobrevibacter species in Rea et al. (2007).



3.5.2. Methanimicrococcus

The Methanimicrococcus SAG recovered shares 83% ANI to the relatively well-characterized cockroach isolate Methanimicrococcus blatticola (Sprenger et al., 2000; Thomas et al., 2021). Our transcriptional data show high expression of methanophenazine hydrogenase (K14070), methylamine transporters (TCIDs 2.A.3.5.2, 2.A.3.6.2), and methyl transferases (monomethylamine/dimethylamine/methanol) (K16176, K16177, K16178, K04480, K14082), enabling Methanimicrocccus to use these compounds rather than CO2 for methanogenesis, as described in Kurth et al. (2020).

Methanimicrococcus differentiates itself from Methanobrevibacter by using organic carbon sources for methanogenesis and an inorganic electron donor, while Methanobrevibacter can use inorganic carbon and an organic electron donor. Methanimicrococcus blatticola lacks genes to utilize the H4MPT methyl branch of the pathway to reduce CO2 (Sprenger et al., 2005). Instead, it can utilize methanol and methylamines. This specialization likely prevents competition over shared substrates, and methanol and methylamine usage provides a cross-feeding opportunity with polysaccharide and choline degraders (Figure 4).





4. Conclusion

We used single-cell genome and metatranscriptome sequencing to discover phylogeny, genomic content, and transcriptional activities of individual uncultured organisms in the cockroach hindgut environment. With these data, we develop a model identifying potential roles for these organisms in cockroach hindgut metabolism (Figure 4). Our data suggest that the taxonomic partitioning of metabolic functions in the cockroach gut is broadly consistent with that observed in mammalian gut environments, particularly at the phylum level. However, we have also generated novel insights into metabolic specialization of different lineages at the family and genus level, as well as the functional roles of insect-specific lineages in Bacteroidota and Desulfobacterota.

Our Bacteroidota data are largely consistent with their canonical roles as carbohydrate degraders with transcriptional patterns for different genera showing divergent specialties and metabolic priorities. An exception is a group of unclassified Bacteroidales that was found to exhibit high transcriptional activities in genes involved in cell–cell interaction and gliding motility. This evolutionarily divergent clade is well-represented in molecular surveys of cockroaches and termites, but this is the first description of its functional capabilities.

SAGs assigned to Firmicutes display extensive diversity of phylogenetic history, transcriptional functions, and metabolic potential. No two Firmicutes SAGs were placed in the same genus, and many SAGs cannot be classified beyond family level. This group showed high expression of DNA transfer, transposon, and phage proteins. The transcription of mobile genetic elements suggests movement of genes in the population, potentially explaining their metabolic and genomic diversity. Given this diversity and low redundancy, it is difficult to fully characterize the functional capabilities of cockroach gut Firmicutes. However, our single-cell analysis with transcript sequences offers a rare look into Firmicutes activity in vivo, including autotrophy and secondary degradation of sugars and peptides released from polysaccharides.

An unexpected finding of our work was the high abundance and activity levels of Desulfobacterota. While common in 16S rRNA gene datasets, they are often at moderately low levels (0–3.2%). However, their abundance in our transcriptional data suggests that this population may be highly active. Electron donors and acceptors for sulfate reduction are key products and substrates from other community members including glycan degraders, methanogens, hydrogenotrophs, and carbohydrate fermenters. We also identified Desulfobacterota closely related to the Rs-K70 insect-associated clade carrying ethanolamine and choline BMCs, which have implications for the host and peer microbiota. Our findings that these bacteria are highly active and more abundant than previously predicted have important implications for cockroach gut metabolism.

Methanogenesis is a shared key function for our archaeal SAGs, however distinct clades show unique strategies. Methanimicrococcus indicates use of methylamines and methanol rather than CO2, catabolizing compounds that are precursors to toxins (TMA/TMAO). Methanobrevibacter SAGs meanwhile express components to use a formate electron donor for methanogenesis. Like their mammalian relatives, cockroach methanogens use CAZymes for producing host-epithelial glycans and—for Methanobrevibacter—metabolizing O-glycans to take advantage of the host ecosystem while carrying out methanogenesis.

Phylogenetic analyses indicate that many cockroach gut symbionts represent new species and genera that bridge environmental and host-associated clades. Despite distinct evolutionary histories of cockroach gut SAGs and human gut isolates, the microbiota from these hosts indicate shared metabolic strategies in their host-association. Furthermore, by capturing multiple SAGs of the same genus we define transcriptional functions for the group and illuminate niches within functional groups (Figure 4). This work opens avenues for microbiome hypothesis development, directed experiments, and novel species isolation efforts.
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