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Viruses of soil ammonia oxidising archaea identified using a novel DNA stable isotope probing approach for low GC mol% genomes

Ammonia oxidising archaea (AOA) are a ubiquitous component of microbial communities which can dominate ammonia oxidation in some soils. While we are beginning to understand soil virus dynamics, we have no knowledge of the composition or activity of those infecting AOA or their potential to influence processes.

This study aimed to identify viruses infecting autotrophic AOA in two soils (pH 4.5 and 7.5) by following transfer of assimilated CO2-derived 13 C via DNA stable isotope probing in CsCl isopycnic buoyant density (BD) gradients and metagenomic analysis.

Incorporation of 13 C into low GC mol% AOA genomes (~35-40%) increased DNA BD and separation from unenriched DNA, but also resulted in co-migration with dominant non-13 C-enriched high GC mol% bacterial genomes (>57%) reducing AOA sequencing depth and contig assembly. We therefore developed a hybrid approach where AOA and virus genomes were assembled from metagenomes from low BD CsCl fractions from 12 C-CO2 incubations with subsequent mapping of high BD 13 C-vs 12 C-enriched non-assembled reads to identify activity. AOA metagenome assembled genomes (MAGs) were distinct between the two soils and represented a broad diversity of active lineages. Sixty-four viral OTUs infecting AOA were also distinct between soils, with 42% enriched in 13 C. Comparative analyses demonstrated that soil AOA viruses were distinct from characterised bacterial or archaeal viruses and auxiliary metagenomic viral genes included an AOA-specific multicopper oxidase involved in copper uptake essential for AOA metabolism. These observations in soils with distinct AOA communities indicate that virus infection of AOA is likely a frequent process during soil nitrification.

Main text

Autotrophic ammonia-oxidising archaea (AOA) of the class Nitrososphaeria are a ubiquitous component of soil microbial communities and often dominate the first step of nitrification and nitrification-associated N2O emissions when ammonia is supplied at low rates via organic matter mineralisation [1], slow-release fertilisers [2] or in acidic soils [3]. Prophages and other virus-associated protein-encoding genes are abundant in AOA genomes suggesting frequent interaction. While viruses infecting marine AOA have been characterised through metagenomic approaches [4] and cultivation [5],

those infecting soil AOA or other nitrifier groups are currently uncharacterised.

Recent advances have demonstrated that soil virus communities are dynamic in a wide range of soils [e.g. 6,7] and augmenting virus loads modulate C and N fluxes [START_REF] Li | MEGAHIT: an ultra-fast single-node solution for large and complex metagenomics assembly via succinct de Bruijn graph[END_REF][START_REF] Kang | MetaBAT 2: an adaptive binning algorithm for robust and efficient genome reconstruction from metagenome assemblies[END_REF]. Nevertheless, identifying active interactions with specific populations or functional groups remains challenging due to the vast diversity of both host and viruses in soil. Recent use of stable-isotope approaches has investigated whole community host-virus dynamics [START_REF] Wu | MaxBin 2.0: an automated binning algorithm to recover genomes from multiple metagenomic datasets[END_REF][START_REF] Alneberg | Binning metagenomic contigs by coverage and composition[END_REF] or interactions between individual host-virus populations specific to a functional process and substrate [START_REF] Parks | CheckM: assessing the quality of microbial genomes recovered from isolates, single cells, and metagenomes[END_REF]. The aim of this study was to utilise the latter approach with 13 CO2-based DNA-SIP to focus on nitrification-associated interactions and to test the hypothesis that viruses are a dynamic component of soil AOA activity.

Hybrid analysis of GC mol% fractionation and 13 C-DNA-SIP for identifying active AOA hosts and viruses

Microcosms were established (see Supplementary Text) with two sandy loam soils of contrasting pH (4.5 or 7.5) which were characterised previously as containing distinct AOA communities [START_REF] Menzel | Fast and sensitive taxonomic classification for metagenomics with Kaiju[END_REF]. Nitrification was stimulated by addition of urea (two pulses of 100 µg N g -1 soil (dry weight)) and incubated at 25 o C for 30 days (Supplementary Figure 1) with a 5% 12 C-or 13 C-CO2 headspace to target viruses of autotrophic nitrifiers via transfer of assimilated carbon. DNA was extracted and subject to isopycnic centrifugation in CsCl gradients, in which DNA migrates as a function of GC mol% and isotopic enrichment, before fractionation and analysis of genomic DNA of different buoyant densities [START_REF] Parks | CheckM: assessing the quality of microbial genomes recovered from isolates, single cells, and metagenomes[END_REF]. Quantification of AOA genomic DNA distribution across CsCl gradients demonstrated growth of AOA populations (Figure 1A; Supplementary Figure 2B) and genomic DNA in high buoyant density (HBD) fractions (>1.719 g ml -1 ) was then pooled for each replicate microcosm and metagenomes sequenced (Supplementary Table 1). While 13 C-incorporation clearly separated DNA from growing vs non-growing AOA populations, 13 C-enriched genomes (average AOA contig GC mol% content 38%) co-migrated within the CsCl gradient with community 12 C genomes with higher GC mol% (>57%), reducing AOA host and virus sequencing depth, contig assembly and binning. Consequently, only one medium quality AOA MAG and no AOA-associated virus contigs ³10 kb were identified (Figure 1B).

To facilitate analysis of low GC mol% genomes while also identifying activity, we developed a hybrid approach combining metagenomic analysis of low buoyant density (LBD) 12 C DNA with read-mapping of sequenced HBD DNA (Figure 1; Supplementary Figure 2A). AOA and virus genomes were assembled from metagenomic libraries of 12 C LBD DNA only (<1.699 g ml -1 ) representing both dormant and active populations. Individual sequence reads from HBD DNA libraries from both 12 C-and 13 C-incubations were then mapped to identify activity. In comparison to HBD, assemblies from LBD libraries increased the relative proportion of contigs from the AOA-containing Thaumarchaeota phylum (NCBI taxonomy (Thermoproteota GTDB taxonomy)) and Thaumarchaeota-infecting virus contigs from 0.3 to 2.8% and 0 to 22.3%, respectively (Supplementary Figure 3). In LBD metagenomes, 123 mediumand high-quality MAGs from both soils were identified (Supplementary Table 2) including 9 AOA MAGs representing 6 genera (GTDB classification [START_REF] Chaumeil | GTDB-Tk: a toolkit to classify genomes with the Genome Taxonomy Database[END_REF]) within the Nitrososphaerales and Nitrosopumilales orders and one nitrite oxidising bacterium (NOB) Nitrobacter MAG (MAG 15) (Figure 1B, Supplementary Figure 4). Mapping of HBD sequence reads revealed that 8 of the 10 MAGs were derived from active autotrophic populations (Figure 1C). Consistent with previous studies characterising the distribution of soil AOA from different taxa [START_REF] Roux | VirSorter: mining viral signal from microbial genomic data[END_REF], this included 3 Nitrosotalea genus MAGs from pH 4.5 soil and 4 Nitrososphaera genus MAGs from pH 7.5 soil. No evidence of autotrophic growth was observed for a further two AOA MAGs within the Nitrososphaerales. Both represented populations with no cultivated representatives at the genus level with MAG 112 representing TA-21 (amoA-gene lineage NS-b-2) [START_REF] Roux | VirSorter: mining viral signal from microbial genomic data[END_REF] and MAG 63 representing a novel genus (designated here as CS63) (amoA-gene lineage NS-d-2.1). The latter is a representative of the amoA gene-defined NS-dlineage which, while widely found in soil, is rarely implicated in contributing to ammonia oxidation. While the recovery of these two MAGs may simply be representative of AOA populations not active under the incubation conditions used, they are also consistent with organisms possessing physiologies distinct from cultivated AOA.

Active AOA viruses

After predicting contigs of virus origin using established bioinformatic tools, those from AOA-infecting viruses were identified with a custom database of hallmark genes from AOA prophages and analysis of other shared homologues (see Supplementary Text).

Sixty-four contigs (each representing a different viral operational taxonomic unit (vOTU)) were predicted as derived from AOA-infecting viruses in LBD DNA metagenomic libraries. In addition, 5 and 3 contigs were derived from viruses infecting ammonia oxidising bacteria (AOB) and NOB, respectively. Virus and host genomes typically have similar GC mol% [START_REF] Guo | VirSorter2: a multi-classifier, expert-guided approach to detect diverse DNA and RNA viruses[END_REF] and AOA-infecting virus contigs (average 36%) were similar to their hosts (38%). As with their hosts, AOA virus communities were distinct between the two pH soils (Figure 2A) as also observed previously for total virus communities [START_REF] Ren | Identifying viruses from metagenomic data using deep learning[END_REF] with 29 and 34 vOTUs significantly more relatively abundant in pH 4.5 and 7.5 LBD libraries compared to the other soil, respectively. Mapping of HDB sequence reads revealed that 42% of contigs were enriched in 13 C and thus confirming infection during incubation and transfer of C from AOA hosts to viruses.

Analysis of genome-wide sequence comparisons using translated open reading placed 60 of the 64 soil AOA viral contigs within one cluster but displayed no similarity to recently described viruses of marine AOA [5] or characterised non-AOA archaeal and bacterial viruses (Figure 2B). Eleven translated large terminase (TerL) sub-unit gene sequences found in contigs were similar to those recovered from other predicted AOA virus or prophage genomes only (e-value <10 -5 ) (Figure 2C). In addition to containing viral hallmark genes encoding portal, endonuclease, tail and capsid proteins, contig VC_053596 contained a type 1 multicopper oxidase (MCO1) homologue [START_REF] Nayfach | CheckV assesses the quality and completeness of metagenome-assembled viral genomes[END_REF] (Figure 2D) likely involved in the sequestration of copper from the environment which is essential for ammonia oxidation and electron transport in AOA [START_REF] Bushnell | A fast, accurate, splice-aware aligner[END_REF]. As MCO1 is found exclusively in AOA genomes [START_REF] Nayfach | CheckV assesses the quality and completeness of metagenome-assembled viral genomes[END_REF] it may represent a viral auxiliary metabolic gene contributing to a core process in AOA physiology.

Summary

These results from two soils with distinct AOA communities indicate that virus infection of AOA during soil nitrification is likely a common and dynamic process. Although viruses were only identified from contigs representing partial viral genomes, analysis of individual marker genes and genome-wide similarity comparisons revealed that those infecting AOA are highly divergent from known viruses. While one Nitrobacter MAG was obtained and both AOB and NOB viruses were also predicted, the hybrid approach developed in this study used both 12 C-and 13 C-enriched DNA to specifically target low GC mol% DNA and was tailored for the analysis of AOA populations and their viruses. A broader analysis of all viruses infecting nitrifying prokaryotic populations would therefore likely require a more comprehensive sequencing effort of all fractions throughout the CsCl gradient using quantitative SIP metagenomics [START_REF] Roux | Minimum Information about an Uncultivated Virus Genome (MIUViG)[END_REF] GTDB genus [START_REF] Chaumeil | GTDB-Tk: a toolkit to classify genomes with the Genome Taxonomy Database[END_REF] and amoA gene lineage-affiliation [START_REF] Roux | VirSorter: mining viral signal from microbial genomic data[END_REF] are given. 

Supplementary text

Materials and methods

Soil microcosms, DNA extraction and stable-isotope probing

Soil microcosms were established in 144 ml serum vial bottles with 10 g soil (dry weight equivalent). Microcosms were amended urea solution (100 µg urea-N g -1 soil (dry weight)) at day 0 and 15 with the water content being 30% and 32% (w/w) after amendment, respectively. Headspace gas was amended with 5% (v/v) 12 C-CO2 (Air Liquide) or 13 C-CO2 (Sigma-Aldrich) (99% atom enriched) with microcosms opened every 3-4 days to maintain aerobic conditions before re-establishing CO2 concentrations. Microcosms were destructively sampled at day 0, 15 and 30 in triplicate for each treatment and soil stored at -20°C. Ammonium, nitrite and nitrate concentrations were determined immediately after sampling using standard colorimetric assays [1]. Total genomic DNA was extracted from 0.5 g soil using a CTAB-buffer phenol:chloroform:isoamyl alcohol protocol [2] and subject to isopycnic centrifugation in CsCl gradients as previously described [START_REF] Lee | Methane-derived carbon flows into host-virus networks at different trophic levels in soil[END_REF]. Briefly, 8 ml polyallomer tubes were filled with CsCl dissolved in Tris EDTA buffer (buoyant density 1.71 g ml -1 ) and 6 µg genomic DNA before sealing and centrifugation at 152,000 x g in an MLN80 rotor (Beckman-Coulter). CsCl gradients were then fractionated into ~350 µl aliquots before determining buoyant density via refractive index and recovery of DNA by PEG precipitation [2]. The predicted GC mol% of DNA in specific fractions was determined using the calculation of Schildkraut et al. [3].

Quantitative PCR and metagenomic sequencing of fractionated DNA samples

Quantitative PCR (qPCR) was performed to determine the distribution of prokaryotic and nitrifier genomes through CsCl gradients using a Corbett Rotor-Gene 6000 realtime PCR cycler. Prokaryotic 16S rRNA, bacterial and archaeal amoA genes were quantified across the entire buoyant density gradients using primer pairs P1(341f)/P2(534r) [4], amoA1F/amoA2R [5], and crenamoA23F/crenamoA616R [6]), respectively. Each 25 μl PCR contained 12.5 μl 2X QuantiFast SYBR Green Mix (Qiagen), 1 μM of each primer, 2 μl of standard DNA, recovered DNA from each fraction (1/10 dilution) or water (no template negative control). Thermal cycling programs consisted of an initial denaturation step of 15 min at 95°C, followed by 30 cycles of 15 s at 94°C, 30 s at 60°C, 30 s at 72°C for the 16S rRNA gene assay or 15 s at 94°C, 30 s at 55°C, 30 s at 72°C for bacterial and archaeal amoA genes assays followed by melt-curve analysis. All assays had an efficiency between 96 and 99% with an r2 value ≥0.99. After assessing the distribution of prokaryotic and nitrifier genomes, DNA in fractions with a buoyant density between 1.676 to 1.699 g ml -1 (low buoyant density) and 1.719 to 1.750 g ml -1 (high buoyant density) were pooled for metagenome sequencing. LBD and HBD metagenomes were sequenced at IntegraGen (Paris, France) and the Joint Genome Institute (JGI, Berkeley, CA, USA), respectively, both using the NovaSeq sequencing platform (Illumina) with NovaSeq XP version 1 reagent kits and a S4 flowcell 150 bp paired reads.

Assembly, binning, and annotation

Individual reads of HBD metagenomes were quality-trimmed with the MetaWrap read_qc module [7]. De novo co-assembly of the 135 to 245 million quality-controlled reads per metagenome was performed using MEGAHIT version 1.2.9 [START_REF] Li | MEGAHIT: an ultra-fast single-node solution for large and complex metagenomics assembly via succinct de Bruijn graph[END_REF]. Binning was performed using metaBAT 2 [START_REF] Kang | MetaBAT 2: an adaptive binning algorithm for robust and efficient genome reconstruction from metagenome assemblies[END_REF], MaxBin2 [START_REF] Wu | MaxBin 2.0: an automated binning algorithm to recover genomes from multiple metagenomic datasets[END_REF] and CONCOCT [START_REF] Alneberg | Binning metagenomic contigs by coverage and composition[END_REF] implemented in MetaWRAP version 1.2.1 [7] and bin completion and contamination estimated using CheckM version 1.0.12 [START_REF] Parks | CheckM: assessing the quality of microbial genomes recovered from isolates, single cells, and metagenomes[END_REF]. Taxonomic annotation of contigs was performed using Kaiju [START_REF] Menzel | Fast and sensitive taxonomic classification for metagenomics with Kaiju[END_REF] with the NCBI nr database (2021-02-24). Taxonomy of MAGs was assigned using GTDB-Tk version 0.3.2 [START_REF] Chaumeil | GTDB-Tk: a toolkit to classify genomes with the Genome Taxonomy Database[END_REF] with the Genome Taxonomy Database (GTDB, release date 2022-03-23).

Identification of putative viruses infecting nitrifiers

Viral contigs (VCs) were predicted from contigs ≥10 kb using VirSorter [START_REF] Roux | VirSorter: mining viral signal from microbial genomic data[END_REF], VirSorter 2.0 [START_REF] Guo | VirSorter2: a multi-classifier, expert-guided approach to detect diverse DNA and RNA viruses[END_REF] and DeepVirFinder [START_REF] Ren | Identifying viruses from metagenomic data using deep learning[END_REF] (see Supplementary Figure 5 for comparison of predictions). CheckV [START_REF] Nayfach | CheckV assesses the quality and completeness of metagenome-assembled viral genomes[END_REF] and manual curation (i.e. identification of viral hallmark genes such as major capsid, portal, terminase and integrase proteins, enrichment in non-annotated genes) were performed to confirm a potential viral origin of each VC.

The relative abundance of each VC in HBD and LBD metagenomes was determined using the MetaWRAP-Quant-bins module [7] and BBMap [START_REF] Bushnell | A fast, accurate, splice-aware aligner[END_REF] was used to confirm a detection threshold of ≥75% of contig length with ≥1x read coverage recruited at ≥90% average nucleotide identity [START_REF] Roux | Minimum Information about an Uncultivated Virus Genome (MIUViG)[END_REF]. The relative abundance of each VC in each HBD and LBD metagenome was calculated based on the length of sequence size and coverage and abundance was expressed as normalized copies per million reads (CPM). Gene prediction of each VC was performed using Prodigal version 2.6.3 with meta option [START_REF] Hyatt | Prodigal: prokaryotic gene recognition and translation initiation site identification[END_REF], and homology search was performed against the NCBI nr database using Diamond blastp [START_REF] Buchfink | Fast and sensitive protein alignment using DIAMOND[END_REF] and Interproscan5 [START_REF] Jones | InterProScan 5: genome-scale protein function classification[END_REF].

To identify contigs from viruses infecting nitrifiers specifically, a database of virus genes present in proviruses of GTDB nitrifier reference genomes was constructed using VIBRANT [START_REF] Kieft | VIBRANT: automated recovery, annotation and curation of microbial viruses, and evaluation of viral community function from genomic sequences[END_REF], PhageBoost [START_REF] Sirén | Rapid discovery of novel prophages using biological feature engineering and machine learning[END_REF] and VirSorter [START_REF] Roux | VirSorter: mining viral signal from microbial genomic data[END_REF]. Major capsid, terminase, portal and integrase protein sequences were then used as search queries against each VC using Diamond blastp (e-value < 10 -5 ). Genes representing potential nitrifier-specific auxiliary metabolic genes were manually checked in annotation lists.

A homologue-based approach was also used where an AOA host was predicted when 'best hit' shared homologues with those in genomes of Thaumarchaeota (NCBI taxonomy) were ≥3x more abundant compared to the second most dominant phylum [START_REF] Al-Shayeb | Clades of huge phages from across Earth's ecosystems[END_REF]. Unlike our previous DNA-SIP analysis of methanotroph populations and associated viruses in these soils [START_REF] Lee | Methane-derived carbon flows into host-virus networks at different trophic levels in soil[END_REF], spacer sequences in AOA MAG CRISPR arrays only matched predicted AOA viruses from other studies with 2 mismatches between spacer and protospacer sequences and none from this study (data not shown).

Phylogenomic, phylogenetic and predicted protein analyses

Phylogenomic analysis of AOA MAGs and reference genomes from cultivated AOA and MAGs was performed using an alignment of single copy marker genes generated with GToTree [START_REF] Lee | GToTree: a user-friendly workflow for phylogenomics[END_REF] with a subsequent maximum likelihood phylogeny calculated using FastTree [START_REF] Price | FastTree 2--approximately maximum-likelihood trees for large alignments[END_REF]. Single gene phylogenetic analyses were performed using alignments generated using MUSCLE [START_REF] Edgar | MUSCLE: multiple sequence alignment with high accuracy and high throughput[END_REF] and manually refined. Maximum likelihood phylogenetic trees were constructed using PhyML [START_REF] Guindon | New algorithms and methods to estimate maximum-likelihood phylogenies: assessing the performance of PhyML 3.0[END_REF] with automatic model selection.

Affiliation of AOA MAGs to amoA gene-defined lineages was determined from phylogenetic analysis using the curated reference database of Alves et al. [START_REF] Alves | Unifying the global phylogeny and environmental distribution of ammonia-oxidising archaea based on amoA genes[END_REF]. Where amoA genes were absent in incomplete Nitrosotalea MAGs, a broad-level affiliation was inferred from close phylogenomic relationships to complete genomes and their amoA lineage designation. Comparison of genome-wide similarity between AOA virus contigs and curated virus reference sequences was performed using ViPTree [START_REF] Mihara | Linking Virus Genomes with Host Taxonomy[END_REF] and the Virus-Host DB [START_REF] Nishimura | ViPTree: the viral proteomic tree server[END_REF] to generate a protein tree based on normalised tBLASTx scores. AOA VC (n=64) 
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	MAG	Completeness	Contamination	GC	N50	Size					
	ID	(%)	(%)	mol%	(bp)	(bp)	Phylum	Class	Order	Family	Genus
		83.7	0.2	66.9	24,140	2,864,512 Acidobacteriota	Acidobacteriae	Acidobacteriales		
		82.5	0.0	60.3	15,391	3,027,569 Acidobacteriota	Acidobacteriae	Acidobacteriales	Acidobacteriaceae	PALSA-350
		80.7	5.1	54.0	21,626	3,847,244 Acidobacteriota	Acidobacteriae	Acidobacteriales	Koribacteraceae	Gp1-AA145
		77.1	3.0	67.5	17,321	3,322,481 Acidobacteriota	Vicinamibacteria	Vicinamibacterales	UBA2999	
		73.9	0.9	58.4	14,749	2,220,118 Acidobacteriota	Acidobacteriae	UBA7541	UBA7541	
		67.3	3.4	63.9	11,528	2,512,459 Acidobacteriota	Acidobacteriae	Acidobacteriales		
		66.0	5.5	59.3	15,405	2,887,037 Acidobacteriota	Acidobacteriae	UBA7541	UBA7541	Palsa-295
		53.3	0.9	56.3	9,893	2,452,695 Acidobacteriota	Acidobacteriae	UBA7541	UBA7541	
		50.8	3.4	61.9	9,900	2,500,689 Acidobacteriota	Acidobacteriae	Acidobacteriales	Acidobacteriaceae	KBS-83
		50.4	2.0	52.4	8,779	1,812,072 Acidobacteriota	Blastocatellia	Pyrinomonadales	Pyrinomonadaceae	OLB17
		97.3	1.9	66.6	36,117	2,871,784 Actinobacteriota	Thermoleophilia	Solirubrobacterales	Solirubrobacteraceae	
		97.0	2.6	66.0	142,875 3,274,599 Actinobacteriota	Thermoleophilia	Solirubrobacterales	Solirubrobacteraceae	
		97.0	3.1	65.7	71,608	2,181,555 Actinobacteriota	Thermoleophilia	Solirubrobacterales	70-9	
		82.0	0.1	63.9	17,436	1,359,101 Actinobacteriota	Acidimicrobiia	Acidimicrobiales	RAAP-2	RAAP-2
		79.2	2.2	68.5	54,707	2,098,665 Actinobacteriota	Thermoleophilia	Solirubrobacterales	70-9	
		70.8	1.2	69.6	12,884	2,594,437 Actinobacteriota	Actinobacteria	Nanopelagicales		
		63.0	3.0	70.1	11,121	2,066,628 Actinobacteriota	Acidimicrobiia	Acidimicrobiales	RAAP-2	Bog-756
		60.3	0.9	62.8	10,343	1,801,421 Actinobacteriota	Acidimicrobiia	Microtrichales	Ilumatobacteraceae	UBA668
		67.5	0.9	61.7	11,258	2,006,440 Armatimonadota	Fimbriimonadia	Fimbriimonadales	Fimbriimonadaceae	
		96.5	0.7	44.9	52,178	3,501,364 Bacteroidota	Bacteroidia	Chitinophagales	Chitinophagaceae	JJ008
		94.8	1.5	39.6	298,057 4,276,415 Bacteroidota	Bacteroidia	AKYH767		
		92.0	1.7	44.7	26,881	3,591,767 Bacteroidota	Bacteroidia	Chitinophagales	Chitinophagaceae	UBA8621
		86.9	7.5	38.5	28,454	3,315,570 Bacteroidota	Bacteroidia	AKYH767-A	OLB10	
		84.0	0.7	49.6	26,115	3,041,112 Bacteroidota	Bacteroidia	AKYH767	2-12-FULL-35-15	
		78.6	2.1	39.6	15,282	3,408,942 Bacteroidota	Bacteroidia	AKYH767		
		77.5	0.2	54.5	15,405	2,291,910 Bacteroidota	Bacteroidia	Chitinophagales	Chitinophagaceae	
		76.6	3.4	44.4	12,939	2,749,566 Bacteroidota	Bacteroidia	AKYH767	b-17BO	PALSA-968
		75.2	3.8	40.6	13,274	4,299,582 Bacteroidota	Bacteroidia	AKYH767-A	OLB10	
		73.6	4.2	34.8	11,826	2,228,512 Bacteroidota	Ignavibacteria	Ignavibacteriales	Ignavibacteriaceae	BMS3ABIN03
		73.2	1.9	51.5	13,585	2,332,193 Bacteroidota	Kapabacteria	Palsa-1295	Palsa-1295	
		71.5	0.0	42.1	13,719	2,460,739 Bacteroidota	Bacteroidia	NS11-12g	UBA955	
		67.2	0.5	37.7	10,543	1,634,027 Bacteroidota	Bacteroidia	Sphingobacteriales	Sphingobacteriaceae	
		66.5	1.5	42.0	11,489	3,546,402 Bacteroidota	Bacteroidia	Chitinophagales	Chitinophagaceae	
		65.7	3.4	34.7	9,330	2,102,202 Bacteroidota	Bacteroidia	Flavobacteriales	Flavobacteriaceae	Flavobacterium
		65.4	0.0	39.1	18,038	2,305,465 Bacteroidota	Ignavibacteria	SJA-28	OLB5	
		64.5	7.3	39.0	8,876	2,679,712 Bacteroidota	Bacteroidia	Chitinophagales	Chitinophagaceae	Taibaiella_B
		52.0	3.2	38.0	9,613	3,001,274 Bacteroidota	Bacteroidia	Chitinophagales	Chitinophagaceae	Palsa-955
		51.3	4.4	39.4	8,197	2,857,311 Bacteroidota	Bacteroidia	Chitinophagales	BACL12	UBA7236
		50.8	1.0	41.9	11,602	2,718,158 Bacteroidota	Bacteroidia	Chitinophagales	Chitinophagaceae	
		52.6	1.8	42.5	10,353	1,916,736 Bdellovibrionota	Bdellovibrionia	Bdellovibrionales	Bdellovibrionaceae	Bdellovibrio
		91.4	0.0	61.2	14,550	3,678,188 Chloroflexota	UBA5177	UBA5177	UBA5177	
		75.9	2.2	62.3	12,810	2,934,925 Chloroflexota	UBA4733	UBA4733	UBA4733	
		75.1	2.8	70.3	18,220	2,481,858 Chloroflexota	Ellin6529	CSP1-4	CSP1-4	Palsa-1033
		64.2	1.4	55.1	23,141	1,640,525 Chloroflexota	Anaerolineae	Anaerolineales	UBA11579	
		63.5	8.2	48.7	8,645	3,693,765 Chloroflexota	Anaerolineae	Anaerolineales	envOPS12	OLB14
		62.9	1.0	68.7	11,300	3,380,230 Chloroflexota	Ktedonobacteria	Ktedonobacterales		

* * * * * * * * * * * * * *
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