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Abstract 21 
The microbiome of plants plays a pivotal role in their growth and health. Despite its 22 
importance, many fundamental questions about the microbiome remain largely 23 
unanswered, such as the identification of colonizing bacterial species, the genes they carry, 24 
and the location of these genes on chromosomes or plasmids. To gain insights into the 25 
genetic makeup of the rice leaf microbiome, we performed a metagenomic analysis using 26 
long-read sequences, and developed a genomic DNA extraction method that provides 27 
relatively intact DNA for long-read sequencing. 1.8 Gb reads were assembled into 26,067 28 
contigs, including 136 circular sequences of less than 1 Mbp, as well as 172 large (≥ 1 29 
Mbp) sequences, six of which were circularized. Within these contigs, 669 complete 16S 30 
rRNA genes were clustered into 166 bacterial species, 130 of which showed low identity 31 
to previously defined sequences, suggesting that they represent novel species. The large 32 
circular contigs contain novel chromosomes and a megaplasmid, and most of the smaller 33 
circular contigs (<1 Mbp) were defined as novel plasmids or bacteriophages. One circular 34 
contig represents the complete chromosome of an uncultivated bacterium in the candidate 35 
phylum Candidatus Saccharibacteria. Our findings demonstrate the efficacy of long-36 
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read-based metagenomics for profiling microbial communities and discovering novel 37 
sequences in plant-microbiome studies.  38 
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Introduction 39 
Plants provide a wide range of ecological niches for microbes, including the surfaces of 40 
organs such as leaves, flowers, fruits and roots, internal structures that are colonized by 41 
endosymbionts, the zone of intimate interactions between plant roots and microbes known 42 
as the rhizosphere, and into the soil beyond the rhizosphere due to the diffusion of plant 43 
products away from the root zone. These diverse environments allow microbes to form 44 
complex communities collectively known as the plant microbiome1 or phytobiome2 that 45 
can promote plant growth by affecting nutrient uptake, by suppressing pathogens, and by 46 
inducing disease resistance3. While individual members of the plant microbiome may 47 
express beneficial traits, because it is a complex system, the overall effects of the 48 
microbiome on plant health cannot be predicted from individual microbial taxa3. The 49 
community composition of a plant microbiome is influenced by host plant genetics4,5, 50 
specificity and activity of plant defenses6, microbe-microbe interactions7, and 51 
environmental factors such as soil geochemistry and UV light intensity. Understanding 52 
the mechanisms by which the plant microbiome impacts plant health is a crucial area of 53 
research, with the potential to inform the development of new strategies for improving 54 
plant growth, productivity, and sustainability. 55 

Plasmids and bacteriophages and the mobile genetic elements they carry, 56 
including IS elements and transposons, have a role in shaping microbial communities by 57 
providing novel capabilities8,9, such as the well-studied VirB/VirD4 system found in both 58 
pathogenic and symbiotic bactera in plant-microbiome interactions10-13. The VirB/VirD4 59 
system, typcially encoded on a plasmid, enables pathogenic bacteria to invade host plants 60 
by transporting effector proteins and manipulating the host’s immune system. On the 61 
other hand, the VirB/VirD4 system in root-nodulating bacteria is involved in protein 62 
translocation and can have a host-dependent effect on symbiosis14. Despite their 63 
ecological importance, our understanding of plasmid and bacteriophage sequences from 64 
isolated bacteria is limited.  65 

To gain deeper insights into the ecological and biological features of plant 66 
microbiomes, culture-independent metagenomics has increasingly been employed as a 67 
tool to analyze the genetic makeup of complex microbial communities1. This approach 68 
provides a catalog of the microbial diversity and functional potential within a given 69 
community1. However, traditional short-read (<500 bp) sequencing, typically of one or 70 
two of the variable regions of 16S rRNA genes or other single genes, poses serious 71 
limitations for accurate identification and genome reconstruction15,16. Primer sequence 72 
bias, and a large proportion of short reads that cannot be mapped to a reference genome 73 
results in the loss of potentially useful information17. In contrast, long-read metagenomics 74 
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has the potential to generate longer contigs, thus improving genome reconstruction, 75 
taxonomic assignment, and revealing previously undiscovered sequences, including 76 
circular genomes and extrachromosomal elements. For instance, long-read metagenomic 77 
sequencing of the human gut microbiome has uncovered a higher number of plasmids 78 
than previously reported18. We anticipate that long-read metagenomics will be a valuable 79 
approach for exploring plant microbiome metagenomes.  80 

In this study, we used long-read metagenomics to better understand the genetic 81 
makeup of the rice (Oryza sativa) microbiome. We enriched microbes from the 82 
phyllosphere and established a genomic DNA extraction method for long-read 83 
sequencing. Then, using reads from the Pacbio Sequel II sequencer, we reconstructed 84 
26,067 contigs, including novel circularized chromosomes, plasmids and bacteriophages. 85 
Notably, we identified the complete chromosome of the candidate phylum Candidatus 86 
Saccharibacteria. Our results demonstrate that long-read based metagenomics provides 87 
a powerful tool for profiling plant-associated microbial communities.  88 
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Materials and Methods 89 
Sampling and bacterial cell enrichment 90 
Rice plants (Oryza sativa cultivar ‘Koshihikari’) were grown in an experimental paddy 91 
field at the Institute for Sustainable Agro‑ecosystem Services, Graduate School of 92 
Agricultural and Life Sciences, The University of Tokyo (35°74′N, 139°54′E). Plants 93 
were sampled before heading on August 6th, 2018, and their roots and aerial parts were 94 
separated and stored at -80 °C. The aerial parts were ground using a Roche GM200 95 
grinder (2,000 rpm 15 sec Hit mode, 8,000 rpm 30 sec Cut mode and 8,000 rpm 15 sec 96 
Cut mode) with dry ice. Plant-associated microbes were enriched from the ground 97 
samples using a bacterial cell enrichment method as previously described19.  98 
 99 
DNA extraction 100 
Genomic DNA was extracted from the enriched plant-associated microbes using 101 
enzymatic lysis. The cells were lysed by the addition of 20 mg/ml Lysozyme (Sigma-102 
Aldrich), 10 μl of Lysostaphin (>3,000 unit/ml, Sigma-Aldrich) and 10 μl of Mutanolysin 103 
(> 4,000 units/ml, Sigma-Aldrich), and incubated for 3 h at 37 °C. SDS (20%, Sigma-104 
Aldrich) and Proteinase K (10mg/ml, Sigma-Aldrich) were then added, and DNA was 105 
purified with cetrimonium bromide and phenol-chloroform. DNA was then incubated 106 
with RNase for 30 min at 37 °C (Nippongene) and dissolved in TE buffer at 4 °C. The 107 
sequencing library was constructed and sequenced within a week of DNA extraction. We 108 
also extracted genomic DNA using a Fast DNA spin kit (MP-Biomedicals) for 109 
mechanical lysis from the enriched microbes. DNA fragmentation was assessed using 110 
pulsed-field gel electrophoresis. 111 
 112 
Sequencing of the V4 regions of 16S rRNA genes 113 
The V4 regions of 16S rRNA genes were amplified using the primers 515F (5’-ACA CTC 114 
TTT CCC TAC ACG ACG CTC TTC CGA TCT GTG CCA GCM GCC GCG GTA A-115 
3’) and 806R (5’-GTG ACT GGA GTT CAG ACG TGT GCT CTT CCG ATC TGG 116 
ACT ACH VGG GTW TCT AAT-3’) and sequenced with an Illumina MiSeq v3 platform. 117 
The first 20 bases of primer sequences were trimmed from all paired reads. For low-118 
quality sequences, bases after 240 bp and 160 bp of forward and reverse primer sequences, 119 
respectively, were truncated using Qiime2 v2018.11.020. The processed reads were 120 
aligned to the SILVA123 dataset21, and their taxonomy was provisionally determined.  121 
 122 
Sequencing, assembly, and gene annotation of the plant microbiome 123 
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SMRTbell libraries for sequencing were constructed according to the manufacturer’s 124 
protocol (Part Number 101-693-800 Version 01) without shearing. The libraries were cut 125 
off at 20 kbp using the BluePippin size selection system (Sage Sciences). Libraries were 126 
sequenced on two SMRT Cells 8M (Pacific Biosciences). We removed contaminating 127 
plant sequences, subreads showing more than 80% identity and 80% length coverage 128 
according to minimap2 v 2.1422 to ‘Nipponbare’ as the reference rice genome 23, and 129 
PacBio’s internal control sequences from subreads. ‘Nipponbare’ was used as the 130 
reference genome because the draft genome of ‘Koshihikari’ is highly fragmented, with 131 
an average read length of 32 bp24. The remaining subreads were assembled using Canu 132 
(version 1.8) 25 with the parameters previously described26. After assembly, we removed 133 
contaminated contigs derived from internal controls and reference genome using the same 134 
method, and artificial contigs with long stretches of G, C, A or T by calculation of GC 135 
contents with seqkit v0.11.027. For quality assessment of the contigs18, we aligned the 136 
error-corrected reads generated during assembly to the contigs with pbmm2 v 1.2.1 137 
(Pacific Biosciences) with maximum best alignment 1 and minimum concordance 138 
percentage 90 set as parameters, and extracted the contigs with a depth >5. Contig 139 
circularity was determined as previously described26. For confirmation of quality, error 140 
corrected reads were aligned to contigs using pbmm2 with the same parameters as for 141 
contig quality assessment, then gaps and coverage were assessed using IGV browser v 142 
2.8.228. Quast v 5.0.229 was used to evaluate the quality of genome assemblies. Functional 143 
annotation of bacterial genes was conducted using PROKKA v 1.14.6 in the metagenomic 144 
mode30 , COG database (BLASTP with the e value lower than 1e-05), Interproscan v 5.46-145 
81.0 (with the e value lower than 1e-05) and kofamscan v1.3.031. Augustus v. 3.4.0 was 146 
used to annotate the genes of fungal genomes32. 147 
 148 
Estimation of microbial composition using 16S rRNA genes 149 
We obtained bacterial 16S rRNA gene sequences from NCBI BioProject 33175 (Bacteria) 150 
and 33317 (Archaea), removed those ≤ 1,400 bp in length, and clustered the remaining 151 
sequences using CD-HIT version 4.8.1 (≥ 98.7% identity) 33. The resulting curated 16S 152 
rRNA gene database contains 11,782 distinct sequences. In the long read-based assembly 153 
data, 16S rRNA genes longer than 1,400 bp on contigs having an average read depth ≥ 5 154 
were aligned to our curated 16S rRNA gene database to obtain the maximum number of 155 
target hits. Alignments with <95% length coverage were removed. We used 16S rRNA 156 
genes with ≥ 98.7% identity as the top hits for approximating bacterial community 157 
composition at the species level. We counted the depth of the contigs carrying 16S rRNA 158 
genes to estimate their abundance.  159 
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Full-length 16S rRNA genes were amplified using the primers 27F (5’- AGR 160 
GTT YGA TYM TGG CTC AG) and 1492R (5’- RGY TAC CTT GTT ACG ACT T), 161 
and sequenced on a SMRT cell 1M v3. Circular consensus sequences (>3 paths) were 162 
constructed and demultiplexed using SMRTLink v 8.0.0 with default parameters. Primers 163 
and chimeric reads were removed from demultiplexed CCS reads using dada2 v 1.1634, 164 
and reads ≥ 1,400 bp were extracted. Full-length 16S rRNA amplicons were aligned with 165 
our curated database to assign taxa and to estimate bacterial community composition at 166 
the species level (≥ 98.7% identity). 16S rRNA gene sequences in the metagenomic data 167 
were aligned with MAFFT v7.47535 using default parameters. A phylogenetic tree was 168 
constructed using RAxML v8.2.1236 and visualized using FigTree v1.4.4 169 
(http://tree.bio.ed.ac.uk/software/figtree/). 170 
 171 
Taxonomy assignment of large contigs 172 
16S rRNA gene similarity and average nucleotide identity (ANI) were used to assign 173 
contigs larger than 1Mbp (n = 172, including 6 circular contigs) to taxa with GTDB-tk v 174 
1.1.1 using default parameters37. To provisionally assign taxa to contigs that were not 175 
assignable using either of the above methods, the annotated genes on the contigs were 176 
aligned to the nt database in NCBI using BLASTN with ≥ 80% identity and ≥ 80% length 177 
coverage. Comparisons of circular contig sequences to reference genomes were plotted 178 
with mummerplot, and contig completeness was calculated using checkM38. Circular 179 
contigs were classified as chromosomes or megaplasmids according to the criteria of 180 
diCenzo and Finan39. Interproscan was used to search for genes encoding replication 181 
proteins, such as DnaA and RepA. 182 
 183 
Classification of circular contigs less than 1 Mbp 184 
The sequences of the circular contigs were compared to known sequences obtained from 185 
prokaryotic reference or representative genomes in the NCBI database and Plsdb version 186 
2020_06_2940 using nucmer. Interproscan was used to search for plasmid-enriched or 187 
virus-related genes, and to classify those contigs as plasmid or phage. Kofamscan was 188 
used to annotate VirB/VirD4 systems on plasmids. Plasflow and Mob-typer via MOB-189 
suite41 were also used for plasmid prediction, and for predictions of the plasmid host. 190 
Virsorter2 (a score cut off >0.8) 42 was used for predicting whether or not each contig 191 
originated in a bacteriophage. CheckV43 was used for assessing contig quality of viral 192 
sequences. To provisionally assign the taxonomy of each contig, we aligned all genes on 193 
the contig to the nt database in NCBI. The taxonomy of a contig was assigned as follows: 194 
if more than one-fourth of the genes on a contig showed > 80% identity and > 80% 195 
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coverage to the corresponding genes of the nt database in NCBI, we assigned the 196 
taxonomy of the contig accordingly. If the genes on a contig were aligned to a strain of a 197 
genus, but to a different species, the taxonomy of the contig was estimated at the genus 198 
rank. Reliable taxonomy assignment was limited to cases where the number of the genes 199 
aligned to known sequences was greater than one-fourth of the contig, and the genes on 200 
the contig derived from one phylum. In all other cases, we concluded that the taxonomy 201 
of those contigs was unassigned. However, in some cases Mob-typer could assign the 202 
taxonomy of contigs which were not assigned using nt database. We tentatively assigned 203 
taxonomy using the Mob-typer result for these contigs. Gene maps were drawn with 204 
‘ggplot2’ in R (https://www.R-project.org/). 205 
 206 
Taxonomic assignment and predicted gene function. 207 
We aligned all predicted genes to the COG database with an e value < 1e-05 to predict 208 
gene function18. A similarity search of the annotated genes was conducted against the nt 209 
database in NCBI using BLASTN with ≥ 95% identity and ≥ 90% coverage. From these 210 
genes, we extracted those which were identified by species, and counted both the number 211 
of genes and contigs that carried these genes.  212 
 213 
Genomic features of Candidatus Saccharibacteria (TM7) 214 
We obtained the 16S rRNA genes of Candidatus Saccharibacteria (formerly known as 215 
TM7) from the NCBI database, removed sequences ≤ 1,400 bp, and clustered the 216 
remaining using CD-HIT at 98.7% identity. The genomic sequences of RAAC3 217 
(GenBank: CP006915.1), Candidatus Saccharimonas aalborgensis (S_aal, GenBank: 218 
CP005957.1), GWC2 (GenBank: CP011211.1), TM7x (GenBank: CP007496.1) and 219 
YM_S32 (GenBank: CP025011.1) were obtained for genomic comparisons. Kofamscan 220 
and BlastKOALA44 were used to predict metabolic features. Average amino acid identity 221 
was calculated using the Kostas lab AAI calculator with default parameters (http://enve-222 
omics.ce.gatech.edu/aai/). 223 
 224 
Data availability 225 
Metagenomic data has been deposited in NCBI under accession number SAMN32580422 226 
(BioSample), SRR23280466 and SRR23280465 (SRA) and PRJNA929667 (BioProject).  227 
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Results 228 
 229 
DNA preparation for long-read metagenomics  230 
To study rice-associated microbial communities in an agricultural environment, we 231 
harvested 8-week old rice plants from a paddy field and extracted their leaf-associated 232 
microbes using a density gradient centrifugation method to remove rice tissues19 233 
(Extended Data Fig. 1A). We then compared enzymatic and mechanical cell lysis 234 
methods for their ability to extract intact genomic DNA with minimal damage using 235 
pulsed-field gel electrophoresis. This analysis showed that enzymatic lysis yielded intact 236 
chromosomes, whereas mechanically lysed cells yielded fragmented DNA (Extended 237 
Data Fig. 1B). Comparisons of bacterial community composition using the 16S rRNA 238 
gene V4 region indicated that the two methods gave similar results (Pearson’s correlation 239 
coefficient = 0.84, Extended Data Fig. 2), although some phyla were more highly 240 
represented in one method than in the other, possibly due to differences associated with 241 
cell lysis of different taxa. Given the importance of intact genomic DNA for long-read 242 
sequencing, we chose to use enzymatic lysis for further analyses. 243 
 244 
Long-read metagenomic sequencing of leaf-associated microbes.  245 
We sequenced gDNA from the leaf-associated microbes using two Sequel II 8M cells, 246 
yielding 140 Gbp of data with a mean read length of 17 kbp and a mean library size of 15 247 
kbp (Supplementary Table1), indicating that our DNA extraction method was suitable for 248 
PacBio long-read sequencing. We obtained 26,067 contigs in total after assembly, with 249 
an N50 of 127 kbp, including 136 circular contigs smaller than 1 Mbp and 172 ≥ 1 Mbp, 250 
6 of which were circularized (Table 1). A previous study reported that PacBio contigs 251 
with ≥ 1 and 5 read depths had ≥ 98.5% and 99.4% identity, respectively, when aligned 252 
to short-read contigs18. We thus were able to define 13,050 contigs with a depth of more 253 
than 5 as high quality contigs. These contigs represented approximately half of the total, 254 
and represented about 80% of the total reads (Table 1). Additionally, more than 90% of 255 
the total nucleotides were found in the set of contigs with a length of ≥ 50 kbp. Importantly, 256 
all large size contigs (≥ 1Mbp) were of high quality (Table 1). These data suggest that 257 
nucleotide sequences obtained from the rice phyllosphere microbiome are reliable for 258 
estimating bacterial community composition and their functions within the community. 259 
 260 
Estimation of microbial composition using 16S rRNA genes in long-read 261 
metagenomics. 262 
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We extracted 16S rRNA gene sequences ≥ 1,400 bp in length and ≥ 95% coverage of the 263 
top hits from high quality contigs from the metagenomic data. A total of 669 16S rRNA 264 
genes were identified on 561 contigs, representing 4.4% of high quality contigs 265 
(Supplementary Table 2). A phylogenetic tree was used to summarize the taxonomy of 266 
the detected 16S rRNA genes in the metagenome (Fig. 1). Many of 16S rRNA genes were 267 
clustered with top-hit sequences at various taxonomic ranks, such as the species and genus 268 
levels, but some were independently clustered. Of the 669 16S rRNA genes, 194 were 269 
clustered into the Methylobacterium genus. The 669 16S rRNA genes clustered into 166 270 
bacterial species, 130 of which had ≤ 98.7% identity with any organism in the database, 271 
suggesting that they represent novel species (Supplementary Table 3). Clustering the 16S 272 
rRNA genes using a threshold for bacterial taxonomy45 showed that 290 of the 16S rRNA 273 
genes on 231 contigs were ≥ 98.7% identical to sequences attributable to known taxa 274 
(Table 2), but 378 were ≤ 98.7% identical to known taxa (Table 2). Among the latter, 16 275 
were ≤ 82 and, 1 was < 78%, suggesting that they potentially represent a novel order and 276 
class, respectively (Table 2). Ten of the 16S rRNA genes represent a putative novel order 277 
within Planctomycetes.   278 

Taxonomic analysis of the high-confidence identity 16S rRNA sequences (290 279 
sequences with ≥ 98.7% identity) identified 40 bacterial species (Supplementary Table 280 
4). For example, Curtobacterium pusillum was the most abundant species; 57 of 16S 281 
rRNA genes were identified on 46 contigs with a relative abundance of 15.2 %. Similarly, 282 
8 species of Methylobacterium were identified in the high-confidence identity sequences, 283 
with three species (M. indicum, M. radiotolerans and M. komagae) having more than 10 284 
16S rRNA genes (Supplementary Tables 2 and 4). The number of contigs containing 16S 285 
rRNA genes was mostly lower than the number of 16S rRNA genes, indicating that these 286 
bacteria carry multiple 16S rRNA gene copies (Supplementary Tables 2 and 4). In 287 
particular, nine of the 16S rRNA genes from Exiguobacterium acetylicum were detected 288 
on a single 1.7 Mbp contig (Contig ID: RRA86345 in Supplementary Table 2).  289 

To verify bacterial community composition based on the long-read 290 
metagenome, full-length 16S rRNA genes were amplified using universal bacterial 291 
primers and sequenced to compare the taxonomic profiles. Among the 6,678 reads 292 
obtained, 2,958 reads (44%) have ≥ 98.7% identity to taxonomically classified 16S 293 
rRNAs, a result similar to the metagenomic data (Extended Data Fig. 3). We identified 294 
64 taxa (Supplementary Table 4) to the species level, with C. pusillum being the most 295 
abundant, also consistent with the long-read metagenomic data. There were 16 species 296 
with relative abundance greater than 1%, 13 of which were also detected in the long-read 297 
metagenome (Supplementary Table 4). The combined relative abundance of the 13 298 
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species was 42.0% in the metagenome and 33.3% in the 16S rRNA nearly full-length 299 
amplicon data sets. 300 

We also compared the relative abundance of the rice bacterial community 301 
determined by long-read metagenome sequencing versus short-read 16S rRNA 302 
sequencing (Fig. 2), and found that the relative abundance of Actinobacteria was about 303 
twice as high in the long-read metagenome (28.6%) than in either the nearly full-length 304 
16S rRNA amplicon dataset (15.8%) or the V4 region dataset (15.2%). Comparing the 305 
relative abundance of Actinobacteria showed that the relative abundance of 306 
Micrococcales in the metagenome was about twice that of PCR-based amplicon 307 
sequencing. The difference may be because certain classes of Actinobacteria were 308 
difficult to detect using universal primers, even though the target sequences are identical46. 309 
Previous studies also showed that the V4 region is less reliable for classifying 310 
Actinobacteria sequences47. Therefore, our results suggest that long-read metagenome 311 
sequencing provide more accurate identification about dominant bacterial communities 312 
in the aerial parts of rice, particularly for Actinobacteria. 313 
 314 
Taxonomic assignment of predicted genes. 315 
We identified a total of 2,046,382 predicted genes in the metagenome (Table 1, Extended 316 
Data Fig. 4). Of these putative genes, 364,262 had an e-value of 1.0e-05 or less and were 317 
annotated using the COG database. Approximately 20% of the genes were categorized as 318 
poorly characterized group ‘R’ (11.8%, general function prediction only) or ‘S’ (9.6%, 319 
function unknown). 8% of the genes were annotated as amino acid metabolism (E), 6.5% 320 
as carbohydrate transport and metabolism (G), and 6.2% as energy production and 321 
conversion (C). Among these five categories, 50 - 70% of the genes were derived from 322 
Alphaproteobacteria, particularly Methylobacterium (12.9 - 17.3 %). The putative genes 323 
from Planctomycetes were the second most abundant (9.6 – 18.0 %, Extended Data Fig. 324 
4). These results showed that Methylobacterium is the dominant genus in the rice 325 
phyllosphere, supporting the bacterial community composition predicted by 16S rRNA 326 
genes (Fig. 1). 327 
 328 
Taxonomic assignment of large contigs. 329 
16S rRNA gene sequences and ANI (GTDB-tk) were used to assign the taxonomy of 172 330 
high quality contigs, which ranged from 1 Mbp to 8.5 Mbp (Fig. 3, Supplementary Table 331 
5). 16S rRNA genes were found in 98 contigs (97 chromosomal and one in a 332 
megaplasmid), and ANI was able to assign taxonomy of 147 of the contigs (Fig. 3, 333 
Supplementary Table 5). 92 contigs were assigned by both the 16S rRNA gene and ANI. 334 
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We also assigned the taxonomy of one contig using a similarity search of its genes. In 335 
total, the taxonomy of 157 contigs was assigned by these methods (Fig. 3, Supplementary 336 
Table 5), but 19 contigs could not be assigned using either method. Among these, the 337 
genes of 4 contigs showed a high identity (≥ 95%) and length coverage (≥ 90%) to the  338 
Moesziomyces antarcticus (Fig. 3, Supplementary Table 5), suggesting that these four 339 
contigs originated from a yeast.  340 

We also attempted to discriminate between chromosomal and plasmid contigs 341 
using ANI and the presence or absence of DNA replication initiators such as DnaA (for 342 
bacterial chromosomes) and RepA (for some plasmids). We classified only one contig as 343 
a megaplasmid (RRA6539; Fig. 3, orange color in the contig size column), as it showed 344 
high similarity to a plasmid (NZ_CP049244.1) of Rhizobium pseudoryzae, which also 345 
carries 16S rRNA genes on both its chromosome and plasmid. In addition, four contigs 346 
were derived from the yeast M. antarcticus using blast search and three of four contigs 347 
were carried minichromosome maintenance proteins (MCM2, 3, 6 and 10), suggesting 348 
that those three contigs may be a minichromosome of M. antarcticus (Fig. 3, 349 
Supplementary Table 5). In total, 156 of the large high quality contigs were classified as 350 
bacterial chromosome, one was a megaplasmid, and four were fungal sequences. The 351 
other 11 large contigs were not classified as either chromosomal or plasmids using these 352 
methods.  353 

Of the 156 bacterial chromosomal contigs, five were circularized, suggesting 354 
that they are complete chromosomes (Black star in Fig. 3, Supplementary Table 5). The 355 
taxonomy of these genomes can be tentatively assumed by 16S rRNA gene sequence 356 
similarity and/or ANI, though the nucleotide sequences of some contigs do not match 357 
those of sequenced strains (Extended Data Fig. 5). For example, four contigs (RRA2267, 358 
RRA3045, RRA85519 and RRA944769) carry 16S rRNA genes with 87.4% - 99% 359 
identity to the top hit (Fig. 3 and Supplementary Table 5). In particular, RRA944769 360 
could be classified as a complete genome of a novel family of Oligoflexales based on 16S 361 
rRNA gene identity and ANI (Fig. 3 and Supplementary Table 5). The other three contigs 362 
(RRA2267, RRA3045 and RRA85519) and one additional contig (RRA944769) were 363 
placed at the genus and order rank by ANI, respectively, all of which were consistent with 364 
the 16S rRNA-based assessment (Fig. 3 and Supplementary Table 5). Curiously, no 16S 365 
rRNA gene was detected in RRA2326, but it was assigned to the genus Aureimonas by 366 
ANI (Fig. 3 and Supplementary Table 5). This confirms a previous report showing that 367 
Aureimonas sp. AU20, isolated from the rice phyllosphere, has its 16S rRNA gene on a 368 
small plasmid, but not on the chromosome48. Additionally, the 11 unclassified contigs 369 
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were shown to have >90% completeness and <5% contamination by CheckM, suggesting 370 
that those 11 contigs were nearly-complete chromosomes38. 371 
 372 
Classification of circular contigs smaller than 1Mbp 373 
Of the 136 circular contigs ranging in size from 8.5 kbp to 832 kbp, with the GC content 374 
from 36.8% to 75.2% (Fig 4, Supplementary Table 6), the sequences of 134 did not align 375 
to any known sequences, suggesting that these are novel sequences. The remaining two 376 
contigs were aligned with high similarity to a plasmid of Methylobacterium 377 
phyllosphaerae strain CBMB27 (NZ_CP015369.1) (red color in contig size column in 378 
Fig 4, Extended Data Fig. 6). 61 genes on 41 of the 136 contigs were annotated as repC 379 
(Fig 4, Supplementary Table 6), suggesting that these contigs are novel repABC plasmids. 380 
Plasmid hosts were identified using a similarity search from construction of a 381 
phylogenetic tree using the RepC protein sequences and mob-typer. Sixteen contigs were 382 
associated with Alphaproteobacteria, while the remaining 23 contigs could not be 383 
assigned using these methods (Fig 4, Extended Data Fig. 7, Supplementary Table 6). 384 
These results show that the likely origin of nearly two-thirds of the repABC plasmids 385 
detected in this study is bacteria that have not been reported to carry repABC plasmids. 386 

An additional 29 contigs were classified as dsDNA bacteriophages with a high 387 
score (> 0.8) from virsorter2 with a CheckV completeness ranging from 14.3 to 100% 388 
(Fig 4, Supplementary Table 6). Twenty-one of these contigs carried putative phage-389 
related genes, such as for capsid proteins. Thirteen carried putative partitioning protein 390 
genes, seven contigs carried VirB/VirD4 component genes, and one had a relaxosome 391 
protein TraY gene (Fig 4, Supplementary Table 6). Although we identified presumptive 392 
novel bacteriophages in this study, we were unable to assign their taxonomy. 393 

We identified 59 contigs that carried presumptive VirB/VirD4 component, 394 
relaxosome protein, or type II toxin-antitoxin system genes, but were not classified as 395 
either plasmids or bacteriophages by mob-typer and virsorter2. These genes are more 396 
commonly plasmid-borne than chromosomal5, suggesting that these contigs may 397 
represent incomplete plasmids (Fig 4, Supplementary Table 6). Similarity searches of the 398 
genes on these contigs suggested that 21 out of the 59 contigs were from 399 
Alphaproteobacteria, Gammaproteobacteria (Pseudomonas), or Actinobacteria (Fig 4, 400 
Supplementary Table 6).  401 

Pathogenic bacteria inject their Type 4 Secretion System (T4SS) effector 402 
molecules directly into host cells, thereby altering host cell functions. The 11 gene 403 
products of the Agrobacterium tumefaciens virB operon, together with the VirD4 protein, 404 
are thought to form a membrane complex which facilitates the transfer of T-DNA to plant 405 
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cells. VirB/VirD4 T4SS components were present on 11 contigs (Fig. 5), nine of which 406 
were repABC type plasmids, and the remaining two were possibly plasmids. The likely 407 
origins of seven of these contigs were Proteobacteria, including Rhizobiaceae, and 408 
Rhodobacterales in the Alphaproteobacteria group. The remaining four could not be 409 
assigned to a taxonomic group. A comparison of the gene arrangements on the 11 contigs 410 
with those of A. tumefaciens showed that all, or almost all components of VirB/VirD4 411 
T4SS were present, although in a different order than in A. tumefaciens, with some gene 412 
duplication and missing components. An additional 52 contigs carried at least one 413 
component gene of the VirB/VirD4 T4SS. 414 

We identified five small circular contigs carrying a presumptive dnaA gene, 415 
which is typically found in bacterial chromosomes as part of the DNA replication 416 
machinery (Fig. 4 and Supplementary Table 6). A similarity search revealed that the 417 
origin of two of those contigs was Rickettsia, which are obligate intracellular α-418 
proteobacteria associated with various eukaryotic hosts. Notably, approximately half of 419 
the 26 validated Rickettsia species have plasmids, some of which carry a dnaA-like gene 420 
and range from in size from 12 kb to 83 kb49. We also detected dnaA genes on contigs 421 
that were classified as bacteriophage, potentially plasmid, or from the Candidatus 422 
Saccharibacteria chromosome. Two other contigs originated from Methylobacterium, 423 
but we were unable to classify these contigs as plasmid or bacteriophage based on the 424 
available gene information. Four contigs could not be classified as chromosome, plasmid, 425 
or bacteriophage due to a lack of similarity to any known bacterial or bacteriophage-426 
derived genes in public databases. In total, our analysis presumptively identified one 427 
chromosome, 100 plasmids (41 repABC-type plasmids and 59 potentially plasmid-428 
associated contigs), 29 bacteriophages, and six unclassified contigs, demonstrating that 429 
long-read metagenomic sequencing can effectively be used to identify a large number of 430 
plasmids from a complex microbial community, most of which are novel.  431 
 432 
Complete genome of a bacterium in the Candidatus Saccharibacteria as-yet 433 
uncultured phylum 434 
One of the key benefits of long-read metagenomic analysis is the potential to obtain 435 
complete genome sequences of uncultivable microorganisms. Here, we obtained the 436 
whole chromosome sequence of a member of the uncultured Candidatus 437 
Saccharibacteria phylum as a circular contig (RRA8490). Phylogenetic analysis based 438 
on 16S rRNA genes indicated that RRA8490 clusters with isolates found in the human 439 
oral microflora (Extended Data Fig. 8A). A comparison of whole genome sequences and 440 
amino acid identities between RRA8490 and previously determined strains in the 441 
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Saccharibacteria50-54 showed that the genomes of these strains and RRA8490 were 442 
distinct, with average amino acid identities ranging from 52.2 to 54.2% (Extended Data 443 
Fig. 8B and C). Using Kofamscan and Interproscan, we searched for metabolism-related 444 
genes in RRA8490 and found that it encoded all the presumptive genes necessary for the 445 
biosynthesis of peptidoglycan (MurABCDEFG, MraY and MtgA), suggesting that its cell 446 
wall is of the gram-negative type (Fig. 6). Unlike other strains, RRA8490 did not encode 447 
amino acid or fatty acids synthesis genes55, but it did presumptively encode enzymes that 448 
metabolize glucose to ribose and glycerate-3-phosphate, as well as phosphoenol-pyruvate 449 
to malate, suggesting that these pathways may be used to generate ATP. RRA8490 also 450 
encoded four regions of type IV pili (pilM1N1O1B1TC1D, pilB2C2M2N2O2, pilB3, pilB4), 451 
similar to a previously reported Saccharibacteria (TM7) genome that carries type IV pili 452 
for host cell attachment53 (Fig. 6). In addition to these characteristics, RRA8490 also 453 
encoded the cytochrome oxidase complex CyoABCDE, as previously reported.  454 
 455 
Discussion 456 
This study demonstrated that enzymatic genomic DNA extraction combined with long-457 
read metagenomic sequencing is an effective tool for profiling plant microbiota and their 458 
genomes, as well as defining complete chromosomes, plasmids and bacteriophages from 459 
long, high quality contigs. Importantly, comparisons of the community-profiling datasets 460 
obtained using short-read 16S rRNA amplicon sequencing confirms that the enzymatic 461 
DNA extraction method is largely unbiased, with the notable exception of the inclusion 462 
of fungal DNA from the Moesziomyces genus. This is not surprising, as Moesziomyces 463 
spp. are commonly detected in plants56,57, but not amplified by bacterial 16S primers. 464 
Therefore, the community profile of rice leaves obtained using long-read metagenomics 465 
is consistent with previously reported datasets. For example, our data indicate that C. 466 
pusillum is the dominant species in rice leaves (Supplementary Table 2 and 4), which is 467 
consistent with the fact that Curtobacterium spp. have been isolated from the leaves of 468 
many different plants58-61 and are known to be abundant in a leaf litter communities62. 469 
Similarly, the Methylobacteriaceae family is a dominant presence (Fig. 1), as seen in the 470 
aerial parts of many plants63.  471 

A potential 130 novel species were identified from 669 16S rRNA genes. The 472 
relative abundance of 16S rRNA genes detected in the metagenome ranged from 0.02% 473 
to 1.8%, demonstrating the depth of coverage provided by long-read metagenomics. 474 
However, a comparison between bacterial species detected in the metagenome and nearly 475 
full-length 16S rRNA amplicon sequencing revealed that some species were only 476 
detected using one method or the other, despite having relative abundances greater than 477 
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0.02% (Supplementary Table 4). This highlights the importance of using a combination 478 
of long-read sequences, such as metagenomes, and 16S rRNA amplicon sequencing for 479 
more comprehensive taxonomic assignments. Overall, long-read metagenomics is a 480 
powerful tool for accurately identifying bacteria in the rice phyllosphere, with the 481 
potential for greater discrimination between organisms as new analysis methods become 482 
available.  483 

The use of long-read metagenomics allows for the estimation of bacterial species 484 
abundance currently possible, as it is not influenced by PCR amplification bias and 485 
variations in the number of 16S rRNA genes present in each genome. Indeed, the 486 
prevalence of Micrococcales (Actinobacteria) identified from metagenomic data was 487 
about two-fold higher than from amplicon data (Fig. 2). The number and location of 488 
rRNA operons (rrn) can vary significantly among bacteria, and some bacteria have 489 
multiple copies of rrn on different chromosomes, as seen in Brucella64 and Vibrio65. Our 490 
data demonstrated that the relative abundance of E. acetylicum is often overestimated due 491 
to the presence of nine copies of 16S rRNA genes on four contigs in the draft genome of 492 
E. acetylicum66. In contrast, long-read metagenomics-based identification of the precise 493 
number of 16S rRNA genes allows for accurate determination of bacteria abundance 494 
within a community. When 16S rRNA genes were not present on contigs, we were able 495 
to use ANI to tentatively assign taxonomy for nearly 30% of the contigs (Fig. 3 and 496 
Supplementary Table 5), because long-read metagenomics allows the reconstruction of 497 
very large contigs. 498 
 The use of long reads allowed us to identify the genes contained within six 499 
large circular contigs. Two of the contigs (RRA2326 and RRA3045) appeared to be 500 
derived from known species, but the others had little similarity to previously whole-501 
genome sequenced strains (Fig. 3 and Supplementary Table 5), suggesting that the four 502 
remaining circular contigs represent the chromosomes and a megaplasmid of novel 503 
species. Notably, the complete chromosome of Rhizobium giardini (RRA85519) was 504 
sequenced and identified for the first time, which can serve as a valuable reference for 505 
this species. A novel strain in the genus Oligoflexia (RRA944769) was also identified, 506 
which differed in genomic composition and presumptive energy metabolism pathways 507 
from previously isolated and sequenced strains67,68. For instance, RRA944769 encodes 508 
putative nitrate- and nitrite reductases (NO3 to NO), whereas Oligoflexia tunisience 509 
Shr3T has genes converting from NO2 to N2. O. tunisience Shr3T also has aa3- and cbb3-510 
type cytochrome c oxidases, whereas RRA944769 has cytochrome b6 in addition to aa3- 511 
and cbb3. Our study also confirmed the natural occurrence of a chromosome lacking 512 
16S rRNA genes in an Aureimonas sp. genome (RRA3045), resolving previous 513 
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uncertainty around chromosomal rearrangements during cultivation48. These examples 514 
demonstrate the power of long-read metagenomics in accurately identifying and 515 
characterizing the genetic makeups of a complex sample. 516 

Long-read metagenomics has a major advantage over short-read metagenomics 517 
in that it can be used to define circular mobile elements such as plasmids and temperate 518 
bacteriophages. These elements play a significant role in microbiome interactions and 519 
horizontal gene transfer8,69. Short-read methods have largely been unable to fully 520 
assemble complete plasmids and bacteriophages, meaning that many of the genes present 521 
on these elements have not been identified. In this study, among 136 small circular contigs, 522 
only two were found to align well with known plasmids of M. phyllosphaerae, suggesting 523 
that the majority of these sequences represent novel plasmids or bacteriophages. Contigs 524 
that encode functions often found on plasmids, such as toxin-antitoxin systems and T4SS, 525 
are likely to be plasmids18. Those functions are often important for modulating 526 
interactions with plant cells and other microorganisms70. Approximately 22% of these 527 
contigs putatively encode RepC, a protein involved in repABC plasmid replication, which 528 
are common in Alphaproteobacteria71. In fact, almost half of the RepC-encoding genes 529 
identified in the novel plasmids appear to be clustered with Rhodobacteraceae, 530 
Rhizobiales and Hyphomicrobiales. Other RepC-encoding genes could not be assigned to 531 
any taxon (Fig. 4 and Extended Data Fig. 7), suggesting that they originated from 532 
unidentified bacteria. However, predicting a plasmid host, particularly for broad host 533 
range plasmids, is a challenging task in itself, let alone for metagenomic studies9. While 534 
we have made suggestions about the host of origin for some of the plasmids, the origin of 535 
others remains unclear. New technologies, such as droplet microfluidics for isolation of 536 
single bacterial cells combined with plasmid-specific markers may help to address this 537 
deficiency in the future72. 538 

One of the best studied plasmid-specific functions is the VirB/VirD4 system of 539 
the Ti plasmid from Agrobacterium tumefaciens. The virB operon (B1-11) together with 540 
virD4 encode a putative T4SS. T4SS are highly diverse73-77, and the exact number of 541 
genes and their role in T4SS assembly or function is unknown in many classes of T4SS78. 542 
The VirB/VirD4 system identified in RRA9653 carried virB1-11 and virD4 gene 543 
homologs (Fig. 5). Four additional putative plasmids (RRA13979, RRA16697, 544 
RRA22037 and RRA86817) were conserved for virB2-B11 of the eleven virB and virD4 545 
genes, which are essential for construction of the VirB/VirD4 system in A. tumefaciens 546 
(Fig. 5), suggesting that these five plasmids are the VirB/VirD4 system of A. tumefaciens 547 
type. Interestingly, Ti plasmids belong to the repABC family, which is widely distributed 548 
among many species of Alphaproteobacteria. However, no repABC genes were found on 549 
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two of the plasmids (RRA9653 and RRA22037), suggesting that these plasmids may have 550 
been horizontally transferred from other bacterial taxa.   551 
 Long-read metagenomics provide genomic information for poorly studied or as-552 
yet uncultivated bacteria. We analyzed the genes identified in the metagenomic data that 553 
occurred with high confidence identity and coverage to specific bacterial species, and 554 
counted the number of contigs carrying these genes. Interestingly, the number of genes 555 
from Planctomycetes bacterium was much lower than expected, at 1,497 genes, despite 556 
being carried by the largest number (405) of contigs (Extended Data Fig. 9). Similarly, 557 
the number of the genes from Microbacterium testaceum and Phreatobacter 558 
cathodiphilus was also low, but these genes were carried by a large number of contigs. 559 
These findings suggest that the genomic information of these three species is largely 560 
unknown. For instance, our study found a high abundance of Planctomycetes: 56 out of 561 
669 16S rRNA genes and 42 out of 172 large size contigs were derived from novel 562 
Planctomycetes (Figs. 1 and 3, Supplementary Tables 2 and 5). Because Planctomycetes 563 
are difficult to culture79, there is limited gene/genomic information available for this 564 
group. To our knowledge, the complete genome sequence of M. testaceum has only been 565 
deposited for one strain (3.98 Mbp) 80 , but using long-read metagenomics, we were able 566 
to obtain seven large contigs that represent complete or nearly complete chromosomes of 567 
Microbacterium (Fig. 3). We were able to obtain 79 contigs from P. cathodiphilus, of 568 
which only one strain has been sequenced81 (Extended Data Fig. 9). Thus, our 569 
methodology can be used to parse the ecological and biological functions of fastidious 570 
bacterial groups. 571 

Our long-read metagenomic analysis was able to define the complete circular 572 
genome (RRA8490) of an uncultured bacterium belonging to the Candidatus 573 
Saccharibacteria phylum. Members of this phylum have been detected in numerous 574 
natural environments such as soils, animals, and plants, but lack of cultured isolates has 575 
limited our understanding of their biology. Consequently, only a few complete genomes 576 
from this phylum have been reported50-54. Compared to the recently nearly completed 577 
genome (1.45 Mb) of an oat-associated member of the Candidatus Saccharibacteria 578 
phylum tentatively designated Teamsevenus rhizospherense strain YM_S32, RRA8490 579 
is much smaller (0.83 Mb) and belongs to a different clade (Extended Data Fig. 8). Both 580 
T. rhizospherense and RRA8490 apparently lack the ability to synthesize amino acids 581 
from central metabolites, but RRA8490 is predicted to carry type IV pili and cytochrome 582 
bo3, similar to others in Candidatus Saccharibacteria phylum. RRA8490 is predicted to 583 
be able to assimilate and metabolize glucose and fructose, which are compounds found 584 
in leaf exudates of the rice phyllosphere82. This suggest that RRA8490 may utilize these 585 
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compounds as carbon sources. Additionally, Candidatus Saccharibacteria are obligate 586 
epibionts of Actinobacteria, which they lyse to obtain nutrients53, suggesting that 587 
RRA8490 may not rely solely on plant exudates for nutrient acquisition, but may also 588 
degrade Actinobacteria. The CyoABCDE, cytochrome o oxidase complex, is used by 589 
Rhizobium etli to adapt to anaerobic conditions83, but Cyo appears to be produced only 590 
under oxygen-rich growth conditions in E. coli84. These results suggest that the ability to 591 
function at a wide range of oxygen concentrations, as demonstrated by the presence of 592 
Cyo in RRA8490, would be beneficial for this bacterium as it adapts to a variety of 593 
oxygen conditions in its natural environment. 594 

In conclusion, long-read metagenomics fueled by high quality DNA extraction 595 
provides an efficient method for exploring uncharted organisms in the plant microbiome, 596 
and the resulting data represents an emerging primary resource for a deeper understanding 597 
of plant-associated microbial ecology.   598 
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Table 1. Summary of assembly results. 613 
Assembly results total contigs High quality contigs 
Number of the contigs 26,067 13,050 
Total nucleotides (bp) 1,763,254,923 1,521,823,352 
Number of nucleotides (bp, ≥ 50 kbp) 1,390,656,635 1,370,599,048 
Largest contig size (bp) 8,528,088 8,528,088 
Contig N50 127,510 185,687 
Predicted CDS 2,046,382 1,674,802 
Number of contigs ≥ 1 Mbp 172 172 
Number of circular contigs 142 132 

  614 
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Table 2. 16S rRNA genes above the threshold for bacterial taxonomy detected in the 615 
metagenome. 616 
Identity 

(%) 
Taxonomic 

rank 
number of 16S rRNA 

genes 
number of 

contigs 
98.7 species 290 231 
94.5 genus 234 198 
86.5 family 127 122 
82 order 16 16 
78 class 1 1 

  617 
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Figure legends 618 
Figure 1. Overview of the phylogeny of 16S rRNA genes detected in the metagenome. 619 
Pink circles indicate the number of 16S rRNA genes detected in the metagenome for each 620 
major branch: large pink circles with numbers represent branches with more than ten 621 
genes, small pink circles each represent one gene. Blue circles represent the number of 622 
top species/genus identities of metagenome-derived 16S rRNA genes. 623 
 624 
Figure 2. Relative abundance of 16S rRNA genes detected in the metagenome, compared 625 
to 16S rRNA gene full-length amplicon sequences and short reads. (A) Relative 626 
abundance of bacterial phyla and (B) relative abundance of the class Actinobacteria for 627 
each sequencing method. 628 
 629 
Figure 3. Characteristics of large contigs (>1Mbp, n=172). The taxonomic assignment of 630 
each contig was determined based on 16S rRNA genes, ANI, and gene similarity searches. 631 
Contigs carrying 16S rRNA genes are shown in yellow blocks. Contigs classified by ANI 632 
are shown in green blocks. Contigs carrying dnaA, repA and mini-chromosome 633 
maintenance genes are shown in purple, pink and light blue blocks, respectively. The blue, 634 
red and black bars in the contig size column represent chromosomes, megaplasmids and 635 
unclassified (neither chromosome nor plasmid), respectively. The black star indicates a 636 
circular contig. 637 
 638 
Figure 4. Characteristics of small circular contigs (<1Mbp, n=136). Gene annotations are 639 
indicated by color blocks. Dark purple and light purple represent complete/nearly 640 
complete, and partial genes of VirB/VirD T4SS systems, respectively. Red bars in the 641 
contig size column indicate known plasmid sequences. The contig ID shown in the contig 642 
size column corresponds to contigs carrying complete/nearly complete VirB/VirD T4SS. 643 
 644 
Figure 5. Gene arrangements, predicted host, and estimated type of plasmid for T4SS 645 
genes discovered in the metagenome. Purple indicates hypothetical or non-T4SS 646 
component genes. 647 
 648 
Figure 6. Predicted metabolism of RRA8490, a potential new strain in the Candidatus 649 
Saccharibacteria genus. Metabolic pathways were reconstructed using kofamscan, 650 
Interproscan and similarity searches. 651 
  652 
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Extended Data 653 
Extended Data Fig. 1. Preparation of genomic DNA from the rice-microbiome for long-654 
read metagenomic sequencing. (A) Rice plants were sampled from experimental field and 655 
ground with dry ice. Bacterial cells were purified from aerial parts of rice plants using 656 
cell density centrifugation. (B) Genomic DNA was extracted from the purified 657 
microbiome using physical and enzymatic lysis. The presence of chromosomal DNA was 658 
confirmed using Pulse-field gel electrophoresis.  659 
 660 
Extended Data Fig. 2. Comparison of the relative abundance of 16S rRNA genes extracted 661 
with mechanical lysis and enzymatic lysis. 662 
 663 
Extended Data Fig. 3. Comparison of the relative abundance of 16S rRNA genes at 664 
different taxonomical ranks in the metagenome and 16S rRNA full-length amplicon 665 
sequences. 666 
 667 
Extended Data Fig. 4. Gene categorization using the COG database. The number of genes 668 
categorized in each group is indicated in the heatmap. 669 
 670 
Extended Data Fig. 5. Alignment of whole genomic sequences between the six circular 671 
contigs and the closest bacterial relative genome. The genome of the reference strain, 672 
Rhizobium glardinii, was determined by whole genome sequencing (WGS). The bold 673 
dotted line of the horizontal axis represents each contig of R. giardinii. 674 
 675 
Extended Data Fig. 6. Alignment of the whole genomic sequences of RRA17620 and 676 
RRA19473 to the plasmid of Methylobacterium phyllosphaerae strain CBMB27 677 
(NZ_CP015369.1). 678 
 679 
Extended Data Fig. 7. RAxML phylogenetic tree of RepC protein encoded in small 680 
circular contigs (< 1Mbp). The 61 copies of RepC on 39 contigs were used to construct 681 
the tree. The accession number indicates the representative RepC in each cluster. The 682 
taxonomic assignment of RepC copies that are independently clustered with known RepC 683 
are defined as unknown. Klebsiella pneumoniae RepC was used as the outgroup. 684 
 685 
Extended Data Fig. 8. Comparison of the Candidatus Saccharibacteria strain located in 686 
the long read metagenomic dataset with published genomes of other strains in the genus. 687 
(A) Phylogenetic tree using 16S rRNA genes of strains in Candidatus Saccharibacteria. 688 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted March 21, 2023. ; https://doi.org/10.1101/2023.03.20.533568doi: bioRxiv preprint 

https://doi.org/10.1101/2023.03.20.533568


25 
 

Contig RRA8490 is indicated by the red box, adjacent to the human oral cavity group. 689 
Candidatus Gracilibacteria and Candidatus Absconditabacteria were used as outgroups. 690 
(B) Comparison of whole genomic sequences between RRA8490 and five Candidatus 691 
Saccharibacteria (TM7) isolates. Whole genomic sequences were compared using 692 
nucmer, showing that RRA8490 is not similar to the others. (C) Amino acid identity 693 
between RRA8490 and five isolates of Candidatus Saccharibacteria. The average amino 694 
acid identity was calculated using the AAI calculator developed by the Kostas lab with 695 
default parameters (http://enve-omics.ce.gatech.edu/aai/).   696 
 697 
Extended Data Fig. 9. The number of genes identified in the metagenome dataset with 698 
high identity and coverage to specific bacterial species and of the contigs carrying these 699 
genes. The contigs with a minimum of 50 predicted genes are shown. 700 
 701 
Supplementary tables 702 
Table 1. Summary of the sequencing results in this study. 703 
Table 2. Summary of 16S rRNA genes detected in the metagenome dataset. 704 
Table 3. Summary of the 16S rRNA genes clustered with ≥ 98.7% identity in metagenome 705 
dataset. 706 
Table 4. All 16S rRNA genes (≥ 98.7 identity) detected in the metagenome, and full-707 
length 16S rRNA gene amplicon sequences. 708 
Table 5. Summary of large contigs (>1Mbp, n=172) 709 
Table 6. Summary of small circular contigs (<1Mbp, n=136)  710 
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