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Rare species are vital members of a microbial community, but retrieving their genomes is difficult because of their low abun-

dance. The ReadUntil (RU) approach allows nanopore devices to sequence specific DNA molecules selectively in real time,

which provides an opportunity for enriching rare species. Despite the robustness of enriching rare species by reducing the

sequencing depth of known host sequences, such as the human genome, there is still a gap in RU-based enriching of rare

species in environmental samples whose community composition is unclear, and many rare species have poor or incomplete

reference genomes in public databases. Therefore, here we present metaRUpore to overcome this challenge. When we ap-

pliedmetaRUpore to a thermophilic anaerobic digester (TAD) community and human gut microbial community, it reduced

coverage of the high-abundance populations and modestly increased (∼2×) the genome coverage of the rare taxa, facilitat-

ing successful recovery of near-finished metagenome-assembled genomes (nf-MAGs) of rare species. The simplicity and ro-

bustness of the approach make it accessible for laboratories with moderate computational resources, and hold the potential

to become the standard practice in future metagenomic sequencing of complicated microbiomes.

[Supplemental material is available for this article.]

Microbial communities are composed of a highnumber of rare spe-
cies (Jousset et al. 2017). Rare species play a vital role in ecosystem
health and stability (Shade et al. 2014). For example, the slow-
growing autotrophic microbes of ammonia-oxidizing bacteria or
archaea (AOB/AOA) and anammox enable the rate-limiting step
for natural nitrogen turnover (Kartal et al. 2010; Zhang et al.
2015). Rare species are also known as blind spots in biodiversity,
like the extremely slow-growing “Asgard” archaea which provide
crucial insights into the evolutionary emergence of eukaryotic
cells in the history of life on our planet (Zaremba-Niedzwiedzka
et al. 2017). Therefore, identifying the functional capacities of
these rare species (a species with a relative abundance of <1% in
the community) is essential to understanding the community dy-
namics and ecological function of a natural microbiome (Shade
et al. 2014; Xiong et al. 2021).

The recovery of draft genomes (referred to asmetagenome-as-
sembled genomes, MAGs) from high-throughput metagenomic
whole-genome sequencing (thereafter short as metagenomic)
data sets ushered in a new era for understanding the ecological
and evolutionary traits of the unculturable majority of natural
microbiomes. However, high-quality (HQ, defined as >90% single
copy gene [SCG]-completeness with <5% contamination and the
presence of the 23S, 16S, and 5S ribosomal RNA [rRNA] genes
and at least 18 tRNAs [Bowers et al. 2017]) MAGs recovery for

low-abundance species is always difficult. Because the abundance
distribution of the natural microbiome tends to follow a power law
(Matthews and Whittaker 2015), the rare species are often missed
or simply neglected in metagenomic sequencing. To get sufficient
genome coverage of low-abundance species, extremely deep se-
quencing will be required. For example, Liu et al. sequenced
111.2 Gbytes paired-end short reads and 69.4 Gbytes long reads
of a partial-nitrification anammox reactor to retrieved MAGs
with low coverage (Liu et al. 2020). Also, based on regression anal-
ysis, a minimumof 186 Gbytes 454 reads (averagely 500 bp) are re-
quired for a full overlap-based assembly (without unassembled
singleton) of soil community (Delmont et al. 2012). It would be
a great waste of sequencing throughput as well as money if the
study aims were to focus on rare species. Bioinformatic analysis
can becomemore intractable during the data analyses and recover-
ing unknown genomes from hundreds of gigabytes to terabytes
of data is a massive computational challenge (Pop 2009).
Furthermore, MAGs of rare taxa assembled from short-read data
are often too fragmented to meet the necessity for understanding
the effect of genome structure on function.

To effectively raise coverage of rare taxa from a high-abun-
dance background, molecular biology-based methods including
hybrid capture or CRISPR-Cas9 enrichment are adapted in library
preparation to enrich the target (Gu et al. 2016; Gilpatrick et al.
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2020). On the other hand, depletion of high-abundance species
like saponin-based depletion (Charalampous et al. 2019) and os-
motic lysis (Marotz et al. 2018) may serve the same purpose.
What is evident, however, is that these approaches require the
use of extra reagents and preparatory procedures. This is com-
pounded by the fact that they require known information about
the enrichment or depletion targets to design the experiment,
which does not appear to work for enriching low-abundance spe-
cies in natural communities with unknown compositions.

Unlike the endeavors made before sequencing, Nanopore se-
quencing (Oxford Nanopore Technology, ONT) users can pro-
gram their system to reverse the voltage polarity of the
sequencing pore to eject reads identified as not of interest, which
provides a potential solution to enrich rare species in metage-
nomic samples. ONT supplied the ReadUntil (RU) programming
interface and delegated the task of figuring out how to examine
the raw pore signal to decide if a read was on-target to third-party
developers. In the first published RU implementation, Loose et al.
used the dynamic timewarping (DTW) algorithms to compare the
signal from the pore with precomputed reference signals for se-
quences of interest (Loose et al. 2016). However, this algorithm
could not scale to references larger than millions of bases, which
limits its widespread usage (Loose et al. 2016). With a similar
goal of mapping streaming raw signal to DNA reference,
UNCALLED has a lighter computational footprint than DTW
(Kovaka et al. 2021). Still, it requires abundant computational re-
sources. The newly designed Readfish toolkit eliminates the need
for complex signal mapping algorithms and exploits existing ONT
tools to provide a robust toolkit for designing and controlling
selective sequencing experiments (Payne et al. 2021). Until now,
the application of RU is principally limited to the elimination of
known host species or the enrichment of known targets such as
mitogenomes of blood-feeding insects (Gan et al. 2021; Martin
et al. 2022; Kipp et al. 2023).

By ejecting dominant species while accepting low-abundance
species, selective sequencing provides a potential solution to en-
rich rare species in metagenomic samples (Martin et al. 2022).
However, enrichment for low-abundance species in real metage-
nomic samples by selective sequencing remains challenging
because the community composition is never known. BOSS-
RUNS, a Bayesian algorithm-based algorithm recently proposed
by Weilguny et al., has only been applied in mock communities
for the enrichment of low-abundance species without a prior refer-
ence, but it lacks practical applications in real complex communi-
ties (Weilguny et al. 2023). Readfish’s native adaptive sampling
keeps track of themost abundant species in ametagenomic sample
and then depletes them to enrich rare taxa, but this strategy neces-
sitates an Internet connection to retrieve references and is con-
strained by the reference database’s composition (Payne et al.
2021). In fact, a large proportion of the species in a natural micro-
biome lacks a corresponding reference in public databases. To
specifically address such ametagenomic issue and to realize effec-
tive targeted enrichment of rare species within a complicated en-
vironment microbiome, we introduced metaRUpore, a protocol
for configuring selective nanopore sequencing and necessary
bioinformatic scripts to achieve efficient enrichment of rare spe-
cies within a complicated environment microbiome. By imple-
menting metaRUpore, we aimed to show a novel approach for
enriching low-abundance microorganisms in diverse environ-
mental samples, which could advance our understanding of
the microbial diversity and ecological dynamics in complex
ecosystems.

Results

H. mediterrane enrichment in a mock community

To evaluate the performance of enriching low-abundance species
with RU, we first constructed a mock community. The Haloferax
mediterranei strain, which accounts for 1% of the mock communi-
ty, was the target of our enrichment, whereas the other seven bac-
teria species were targets to be depleted during the RU run. In the
mock run, a MinION flow cell was configured into two parts, in
which the first half of the channels performed selective sequenc-
ing, and the other half performed normal sequencing as a control.
In the RU channels, the reads were basecalled and thenmapped to
a 33-Mbyte reference (Supplemental Table S1) of all these eightmi-
croorganisms when they were being sequenced. A DNA molecule
would be first sequenced for 0.4 sec before the obtained sequence
was aligned to decide if it should be sequenced continually or
ejected. The average length of rejected reads was 537 bases, which
showed that the entire process of basecalling, mapping, and rejec-
tion decision could be completed in about 1.3 sec, based on the av-
erage nanopore sequencing speed of 400 bp/sec with R9.4.1
chemistry (Supplemental Fig. S1; Payne et al. 2021). In the RU-de-
livered data set, >99.9% of archaeal reads were kept, whereas >99%
of bacterial reads were ejected (Supplemental Fig. S2).
H. mediterraneiwas enriched to the absolute dominant population
within the community with a proportion of accepted reads num-
ber of 62% in kept reads (Fig. 1A,B) with the coverage increased
twice to 21.19× in RU data (Fig. 1C).

Despite the high rejection precision and fairly ideal enrich-
ment result, it must be noted that the yield of selective sequencing
channels was ∼60% lower than that of normal sequencing chan-
nels during the mock run (Fig. 1D). This reduction in throughput
can be partly attributed to the increased idle time of eachnanopore
caused by a large number of ejections (Kovaka et al. 2021). At an
enriched target prevalence of 1%within a community, each nano-
pore ejected an average of 2430 short fragments, whereas 267 con-
tiguous long fragments were sequenced in a 7-h run. In addition, a
rapid drop in active channels happed after 1-h sequencing in RU
channels (Fig. 1E) and the effective pores were depleted after a
6-h runtime which was four times shorter than normal run whose
pores could normally last for 24 h (Fig. 1E). This downward trend
becomes slower as the proportion of enriched targets increases
(Payne et al. 2021).

In situ metagenomic selective sequencing protocol

and performance on TAD community

We introduced a pipeline, metaRUpore (https://github.com/
sustc-xylab/metaRUpore), to selectively sequence rare populations
in complex microbiome samples. The protocol consists of
three consecutive steps (Fig. 2A): (1) a short-time normal sequenc-
ing (1 h for the community tested) to obtain an overall picture of
the community structure and the genomic profile of the dominant
populations, (2) bioinformatics analysis to determine the
reference and target data set for optimized RU configuration, and
(3) finally a 40-h selective sequencing for enriching rare popula-
tions in the sample. The pore control of the nanopore device
was implemented by Readfish (Payne et al. 2021), which combines
Guppy with minimap2 (Li 2018) to determine the eject/keep ac-
tion for a pore.

Here we show our results in applying the metaRUpore proto-
col to facilitate the genome recovery of rare populations within
the thermophilic anaerobic digester (TAD) community, which
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consists of 2977 OTUs with a Shannon index of 8.74, representing
a typical diversity level of bioreactor systems (Supplemental Fig.
S3). Genomic DNA of the TAD community was extracted by
QIAGEN DNeasy PowerSoil Kit (100) and the libraries were con-
structed using the SQK-LSK109 kit. In order to improve the enrich-
ment efficiency, we aim to retain longer DNA segments during the
library construction process by removing short fragments using
0.4× beads at each step (Martin et al. 2022). ONT MinION flow
cells v.R9.4.1 were used for all sequencing on an ONT GridION
X5; see methods for more details. Rarefaction analysis showed
that nanopore reads sequenced in the first 1 h normal sequencing
already covered 90% of the overall diversity in the TAD communi-
ty (Supplemental Fig. S4). Among the 125,606 reads sequenced in
the first-hour normal sequencing, 66% of them could be assigned
to a known reference by Centrifuge (Kim et al. 2016). All of these
classified reads obtained in the first 1-h run were set as the target
for ejection in subsequent RU run as it mostly consisted of the
known and abundant populations within the community. It is
worth noting that the classified reads obtained in the first 1-h nor-
mal sequencing predictably contain genomic fragments from the
rare and unknown populations we intend to enrich, which will re-
sult in incomplete genome coverage of rare populations in the se-
quences obtained in the RU channels. Therefore, a small fraction
of the channels still need to be set to normal sequencing in the
subsequent 40-h RU run and the delivered data set needs to be as-
sembled together with the RU-derived data sets. For our RU se-
quencing of the TAD community, we set 1/8 channels to normal
sequencing (‐‐channels 1 448) (Fig. 2B). Our subsequent data anal-
ysis revealed that 29 HQ-MAGs would be missed if reads derived
from selective sequencing were assembled alone. To further ma-
nipulate the selection, the users can manually select which taxa
to keep during subsequent RU run; reads belonging to these taxa
will be subtracted from the eject target data set based on their tax-
onomic affiliations determined by ARGpore2 (Wu et al. 2022). For
example, in our TAD community, we intended to keep all the ar-
chaea reads, so we eliminated them from the ejection target data

set. The entire aforementioned bioinformatic analysis can be com-
pleted in <5 min (Supplemental Text S4; Supplemental Table S2);
such a short suspension of experimental work will not affect the
flow cell chemistry and the subsequent RU run may directly start
without refreshing the sequencing library.

The 40-h RU run on one flow cell delivered 6.84 Gbytes of
effective long reads with an average read length of 3.46 kbp,
whereas the normal sequencing channels produced 1.71 Gbytes
reads with an average read length of 3.60 kbp (Supplemental
Figs. S5–S7). To ensure adequate genome coverage, we sequenced
the TAD community following metaRUpore protocol using three
flow cells on GridION X5 (flow cells’ yield could be found in
Supplemental Table S3). A marked change in the community
structure was observed: As shown in the three-dimensional (3D)
density plot of the phylogeny distribution of the overall TAD
community (Fig. 3A), several density peaks of the original TAD
community were depleted in the RU-run delivered data sets, indi-
cating DNA of the high-abundance populations of the TAD com-
munity was effectively ejected during RU sequencing and the
community became homogeneous with coverage of different
populations becoming much more unified. Such unified cover-
age of different populations will help to minimize the disparity
of k-mer frequency in the data set, preventing k-mers of the
rare species from being filtered out as error-containing k-mers
because of coverage drop during the k-mer-counting step of a
de novo assembly algorithm (Nurk et al. 2017; Kolmogorov
et al. 2020).

Bioinformatics pipeline for de novo metagenomic assembly and

genome recovery

As illustrated in the assembly pipeline (Fig. 2C), the 25 Gbytes data
generated by metaRUpore were assembled, respectively, using
three different assemblers, namely Canu (Koren et al. 2017),
Unicycler (Wick et al. 2017), and metaFlye (Kolmogorov et al.
2020). The basic statistics of assembled contigs were summarized

A

D E

B C

Figure 1. Enriching low-abundance species in mock community with RU. (A) Bar plot of accepted reads number of the eight microbial species in RU and
control runs. (B) Bar plot of the proportion of accepted reads number of the eight microbial species in RU and control runs. (C ) Bar plot of the coverage of
the eight microbial species’ genome in RU and control runs. (D) Heatmap of data yield per channel in RU and control runs, and (E) plot of the number of
sequencing channels over the course of the sequencing run.
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in Supplemental Table S4. We defined HQMAGs as having multi-
ple rRNA ribosomal genes (23S/16S/5S), SCG-completeness >90%,
and contamination <5%. Draft-quality (DQ) MAGs mean MAGs
having >70% SCG-completeness, <10% contamination, and the
presence of 16S rRNA genes, whereas if a MAG meets all of the
DQ criteria but misses 16S rRNA, it was regarded as a low-quality
(LQ) genome (Bowers et al. 2017). To improve the robustness of
the binning, 139>1 Mbp contigs were first picked, as the candi-
date of the HQ genomes (Arumugam et al. 2021). The rest of the
shorter contigs derived by the three assemblers were, respectively,
binned by MetaBAT2 (Kang et al. 2019). Only contigs longer
than 100 kbp were kept for subsequent binning (Supplemental
Fig. S8). The MAGs retrieved above were subject to consensus cor-
rection by Medaka with nanopore data and polished by Pilon
(Walker et al. 2014) with Illumina short reads (SRs). Next, polished
MAGs were further corrected for frame-shift errors using MEGAN-
LR (Huson et al. 2018) based on DIAMOND (Buchfink et al. 2015)
alignment against the nr database (O’Leary et al. 2016). Finally,
MAGs obtained by the different assemblers were deduplicated using
dRep (Olm et al. 2017) with a relatedness threshold of ANI>0.95 to
obtain species-level representative MAGs (Supplemental Fig. S9).
This pipeline is less time-consuming than the hybrid assembly
and results in less fragmented MAGs. Totally, we obtained 46
draft-quality MAGs after dereplication. Among them, 41 MAGs in-
cluding six complete circular genomes were HQ (Supplemental Fig.
S10; Supplemental Table S5). All of theseMAGs contained less than
13 contigs with an average N50>2 Mbp, demonstrating that they
are highly continuous and meet the near-finished (nf) standard.
In comparison, the normal nanopore sequencing data set yielded
29 draft-qualityMAGs, including 16HQMAGs; 15 of themwere in-
cluded in the 41 HQ MAGs retrieved by metaRUpore strategy
(Supplemental Fig. S10). The 26 HQMAGs that are additionally ob-
tained by RU-based selective sequencing were mainly from the rare
populations of the TAD community (Fig. 3B); this proves that
metaRUpore facilitates the recovery of more rare species genomes.

Additionally, evident coverage reduction was observed in the dom-
inant populations, such that the coverage of MAG17, MAG4, and
MAG30, which together accounted for 21% of the TAD communi-
ty, was reduced by 78% after RU-based selective sequencing (Fig. 3B;
Supplemental Table S6), demonstrating the effectiveness of
metaRUpore protocol in eliminating dominant populations.
Despite the lowered overall throughput, coverage of the rare species
MAG33, MAG35, MAG57, and MAG56 was doubled compared to
normal sequencing at the current sequencing effort.

For nf-MAGs of rare species, a total of 562,883 reads were se-
quenced with the metaRUpore pipeline, which accounted for
15.5% of the total number of RU-accepted reads, whereas, in the
normal sequencing, a total of 297,778 reads were detected for
these species which accounted for 8.2% of the total number of se-
quencing reads. These results showed that metaRUpore effectively
redirected the sequencing throughput to rare species. Notably,
when applying metaRUpore, rare species could be identified based
on their prevalence in the normal sequencing data set derived
from the 1/8 normal sequencing channels or in the total reads
(both ejected and received reads) as recommended by other re-
searchers (Weilguny et al. 2023). Despite the largely unaltered
community composition (Supplemental Fig. S11), the total reads
obtained by selective sequencing might detect different rare taxa
as compared to the normal sequencing data set. For the TAD com-
munity, compared to normal sequencing, the total reads derived
by selective sequencing detected 903 extra species with the high-
est community prevalence reached to 0.23%, whereas 20 species
cannot be covered (Supplemental Fig. S11). Owing to the unavoid-
able bias introduced by the substantial disparity in read length be-
tween ejected and received reads in the total reads, we used
normal sequencing data set to define rare species in this study.
Nevertheless, the normal sequencing-based quantification cannot
quantify rare species only detected by RU methods. In this case,
these species can only be regarded as extremely rare species in
the consortia.

A B C
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Figure 2. Theworkflow of metaRUpore and bioinformatic analysis. (A) Theworkflow of metaRUpore. (B) AMinION flow cell in metaRUpore is configured
into two parts, 1/8th of the channels for normal sequencing and the remaining channels for selective sequencing. (C) The bioinformatic workflow for HQ-
MAGs retrieval based on data sets derived from nanopore selective sequencing and Illumina sequencing.
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The 41 HQ MAGs introduce five new phyla, namely WOR-3,
OLB16,Omnitrophota,Gemmatimonadota, andDeferribacterota, into
the global HQ genome collection of the anaerobic digester (AD)
microbiome (Campanaro et al. 2020). They also represent the first
nf-MAGs for 21 phyla in the AD microbiome (Fig. 4; Campanaro
et al. 2020). Furthermore, these MAGs showmuch better integrity
and continuity than those in the previous collection assembled
with SRs in terms of N50, number of contigs as well as the integrity
of rRNA operon (Supplemental Table S7). Evolutional traits analy-
sis reveals a much more conservative scale of gene flow based on
nf-MAGs we assembled than that based on the previous collection
(Supplemental Fig. S12; Supplemental Table S8; Alvarez-Ponce
et al. 2013). An archaeal HQ-MAG retrieved from the TAD commu-
nity revealed a giant (112 kbp) function-related genomic island,
extending the evolutionary traits of the important Bathyarchaeota
phylum (Supplemental Text S3; Supplemental Fig. S13).

Enriching the rare flora of the human

gut with metaRUpore

To testify to the generality of metaRU-
pore, we further applied metaRUpore in
human gut consortia. The vast majority
of reads in this human gut microbiota
tested belong to bacteria, with only 1%
classified as human hosts. Our aim is to
enrich rare bacteria in the human gut flo-
ra. The same metaRUpore sequencing
strategy that applied to the TAD commu-
nity was used to sequence a human gut
flora. The 40-h RU run on one flow cell
delivered 1.17 Gbytes of effective long
reads with an average read length of
1.57 kbp, whereas the normal sequenc-
ing channels produced 2.03 Gbytes reads
with an average read length of 2.78 kbp
(Supplemental Fig. S14). Notably, during
selective sequencing of the human gut
community with metaRUpore, we ob-
served a high ejection ratio of around
98.0%, which is substantially higher
than that of the TAD community (about
68.0%). And this high level of ejection
rate is irrelevant to the duration of the
pre-RU normal sequencing which nei-
ther shortening normal sequencing to
15 min nor extending it to 6 h showed
a minimum effect in reducing ejection
ratio (Supplemental Fig. S15). Therefore,
we speculate such a high ejection rate
was mainly associated with the exhaus-
tive ejection of the dominant popula-
tions during RU sequencing. Given the
extensive culturomics and metaomics
studies of the human gut flora (Franzosa
et al. 2014, 2019; Vatanen et al. 2019),
nearly all the dominant populations in
human gut flora were well documented
in the public databases; thus, they were
categorized as “classified” (defined as
classifiable at phylum by Centrifuge)
and included in the ejection target data
set bymetaRUpore. 88.6% of pre-RU nor-
mal sequencing data set of human gut

flora was classified at phylum level, whereas the unknown propor-
tion for TAD consortia could reach 32.2%. Despite the high ejec-
tion rate, comparable sequencing performance data was observed
during RU sequencing of the human gut community. A similar ef-
fect of community homogenization (Supplemental Fig. S16) facil-
itated the recovery of 36.7% more nf-MAGs from the human gut
community, with 2 MAGs showing community prevalence as
low as 0.4% being recovered as circular MAGs.

Discussion

We have developed and tested the effectiveness of metaRUpore, a
method for enriching low-abundance and undiscovered microor-
ganisms in complex microbial communities based on nanopore
selective sequencing. metaRUpore heuristically determines

A

B

Figure 3. Performance of metaRUpore on recovery of high-quality MAGs in TAD community. (A) 3D
density plots of t-SNE downscaling results for normal sequencing data sets and selective sequencing
data sets by metaRUpore at four base frequencies, showing that metaRUpore renders the TAD commu-
nity structure homogenous. (B) The distribution of 41 retrieved HQMAGs in normal and RU sequencing
data set. The red triangles indicate MAGs that could only be assembled in the metaRUpore data set. The
pie chart and bar chart represent the level of genomic SCG-completeness and contamination by
CheckM. The copy numbers of 16S rRNA, 23S rRNA, and 5S rRNA ribosomal RNA genes are represented
by the red heatmap, whereas the copy number of tRNA is represented by the blue heatmap.
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populations to reject through initial short-term de novo sequenc-
ing of the dominant populations. It overcomes the constraints im-
posed by the absence of reference genomes for complex natural
communities and lowers the relative abundance limit for assembl-
ing HQ-MAGs (Fig. 5B).We elaborated the principle and process of
metaRUpore and applied it to a TAD community as well as the hu-
man gut microbial community. MetaRUpore effectively increases
the sequencing throughput of rare species, although the increase
in the number of reads from rare taxa over baseline is modest
(∼2×). Meanwhile, we show a robust and effective assembling
and binning procedure for RU-based nanopore data sets, which fa-
cilitates the recovery of 41 nf-MAGs (defined as HQ-MAGs with
<15 contigs) in the TAD community and 19 nf-MAGs in the hu-
man gut microbial community. Even though the structure and
composition of communities changed before and after selective se-
quencing, metaRUpore is unlikely to introduce systematic biases
in the genomic content of MAGs retrieved for rare species (Supple-
mental Fig. S17). Because environmental microbiomes typically
contain a high proportion of genetic fragments that are distinct
from all the sequences deposited in a whole-genome collection,
this strategy will undoubtedly outcompete the whole-genome re-
trieval approach in the default metagenomic mode of Readfish
in terms of ejecting dominant populations. MetaRUpore could
unify the sequenced community structure and increase the ge-
nome coverage of low-abundance species, facilitating the assembly
of additional nf-MAGs of rare species within a natural microbiota.
1-h normal sequencing is recommended as it achieved the best
tradeoff between enrichment effectiveness and throughput loss
for the TAD community tested, but this duration is fully adjustable
according to the microbiome complexity of the user’s sample.
Noteworthy is that because the ejection target data set derived
based on the first-hour normal sequencing predictably contains
genomic fragments from the rare and unknownpopulationswe in-

tend to enrich, a small proportion of channels (1/8 is recommend-
ed) need to be set to normal sequencing during the 40-h RU-run to
get a full genome coverage. And subsequent assembly procedure of
metaRUpore protocol is based on the combined data set of RU-ac-
cepted and normal sequencing reads. Furthermore, if the ejection
rate is getting too high (higher than 90%) for the selective se-
quencing channels, to reduce overall throughput loss, the user
might consider enlarging the proportion of normal sequencing
channels, which could be reconfigured by shortly suspending
the current run.

Despite the fact that metaRUpore workflow is designed to en-
counter the challenge of lacking a reference genome when selec-
tively enriching rare species in a metagenome without prior
knowledge of community composition and available reference ge-
nome collections (e.g., environmental microbiomes), it could be
configured to facilitate enriching microbial signals from a high-
abundance mammalian DNA (human host) background. Because
the host genome is available, the RU sequencing could be applied
with the host genome merged into the established eject target set,
facilitating a more effective host depletion by providing a more
comprehensive reference set for ejection decisionmaking.We test-
ed the effect of this combine-reference approach on a playback
selective sequencing of 10 clinical bronchoalveolar lavage fluid
(BALF) samples which originally contains 99.2% human DNA
background (Cheng et al. 2022). As shown in Supplemental Figure
S18, the proportion of human reads retained after selective se-
quencing was significantly reduced by 38.7%–58.8% using the
combined approach, demonstrating the robustness of metaRU-
pore in increasing reject sensitivity during selective sequencing.
We used themost recentGRCh38 assembled version of the human
genome as the target, and the eject efficiency is not significantly
affected by the reference version of the human genome used, as
both the hg19 and GRCh38 versions show consistent ejection

Figure 4. Phylogenomics of MAGs in anerobic reactor. A phylogenetic tree was constructed from 41 HQ-MAGs derived by metaRUpore (red branches)
and 1108 HQ-MAGs collection derived from other AD systems (black branches). External circles represent, respectively: (1) taxonomic assignment at phy-
lum level, (2) genome size (heatmap), (3) bar plot representing the genome continuity, which is calculated as the reciprocal of the number of contigs. The
gray shaded areas indicate phyla with near-finished genomes obtained by metaRUpore, and the name of each phylum is in the legend on the left.
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efficiency (Supplemental Fig. S18). Noteworthy is that metaRU-
pore alone is not suitable to deplete DNA molecules of a mamma-
lian host because the host genome is too big to be fully captured
during the short-term normal sequencing step for ejection target
data set establishment.

Because selective sequencing for the rare species is associated
with a reduction in per-flow cell data yield, it is critical to establish
an appropriate target proportion for selective sequencing to
achieve the best tradeoff between enrichment effectiveness and
throughput loss considering the total cost. We conducted a simu-
lation of metaRUpore’s MAGs retrieval capability at a different se-
quencing depth of the TAD microbiome to show its effectiveness
as compared to regular nanopore sequencing. As shown in Figure
5A, with 15 Gbytes of nanopore reads respectively derived by
metaRUpore and normal sequencing, metaRUpore data set can re-
cover roughly twice as manyMAGs of rare species than normal se-
quencing. Givennormal nanopore sequencing by R 9.4 flow cell of
a natural microbiome will produce roughly 9.36 Gbytes data ac-
cording to previous reports (Supplemental Table S9), a roughly
17% per flowcell throughput reduction could be estimated for ap-
plying metaRUpore protocol on the TAD community. Therefore,
the advantages of metaRUpore can outweigh the loss of data vol-
ume in terms of retrieving rare species’ MAGs. Moreover, this ad-
vantage will further enlarge with increasing sequencing depth
based on the trend of the regression curve (Fig. 5A). PromethION
flow cells, having around 1.5× the cost of MinION flow cells and
around 5× the yield, may further improve rare species recovery
through metaRUpore, as long as the basecaller can keep up with
the throughput increase. Additionally, a greater proportion of
rare species in more complicated natural microbiomes, plus a ded-
icated designed and adjustable rejection target during real-time
selective sequencing, would all serve to ensure the efficacy of selec-
tive rare species enrichment by metaRUpore. Contrarily, if the
computational cost is not taken into account, because of high ejec-
tion rate and considerable data loss,metaRUpore protocolmaynot
provide a cost-saving advantage over directly increasing normal
nanopore sequencing depth of human gut and alike samples
whose dominant populations’ genomes have been extensively
documented in public databases.

In conclusion, we have showed the effectiveness of metaRU-
pore which normalizes sequenced genome coverage and increases

coverage of low-abundance species, facilitating the assembly of ad-
ditional nf-MAGs of rare species within a complicated natural
microbiota. It could be expected that by enhancing sequencing ef-
fort, HQ-MAGs could be obtained for populations with even lower
prevalence using themetaRUpore protocol. Furthermore,metaRU-
pore protocol is robust and requires minimal modification to the
experimental procedure of nanopore library construction and se-
quencing, making it easily applicable to metagenomic investiga-
tions of other environmental microbiomes to improve the time-
to-answer in terms of sequencing costs and computational
requirements.

Methods

Construction of the synthetic mock community

We synthesized a mock community of eight microorganisms, of
which archaea accounted for 1% and the other seven bacteria spe-
cies shared the rest equally based on DNA concentration deter-
mined from qubit average measurements. The archaeal species is
H.mediterranei and these seven bacteria are Acinetobacter baumannii,
Enterococcus faecalis, Escherichia coli, Klebsiella pneumoniae, Pseudo-
monas aeruginosa, Serratia marcescens, and Staphylococcus aureus.
The seven bacterial strains and one archaeal strain were generously
given by Professors L. Yang of the School of Medicine and Chuan-
lun Z. of the School of Oceanography at Southern University of Sci-
ence and Technology. H. mediterranei was cultivated at 37°C
overnight in nutrient-rich AS-168 L medium (per liter, 150 g
NaCl, 20 g MgSO4·7H2O, 2 g KCl, 3 g trisodium citrate, 1 g sodium
glutamate, 50 mg FeSO4·7H2 O, 0.36 mg MnCl2·4H2O, 5 g Bacto
Casamino Acids, 5 g yeast extract and pH 7.2). Meanwhile, the sev-
en bacteria were individually grown overnight in 3mL of Luria-Ber-
tani broth in a 12 mL tube at 37°C shaking at 200 rpm.

Sampling and DNA extraction

Genomic DNA of the eight microorganisms of the mock commu-
nity was extracted byQIAampDNAMicro Kit (50). Samples for the
TAD community were taken when the methanogenic bacteria
were at their highest activity. Human gut microbial community
samples were taken from healthy adults. Genomic DNA of the
TAD community and human gut microbial community were
extracted by QIAGEN DNeasy PowerSoil Kit (100). DNA

A B

GB GB

Figure 5. Performance and simulation of metaRUpore in retrieving MAGs of the rare species within the TAD microbiome at increasing sequencing
depths. (A) The number of DQ MAGs retrieved for rare species by metaRUpore and normal nanopore sequencing. (B) Significant promotion in the min-
imum relative abundance to get HQ MAGs by metaRUpore as compared to normal nanopore sequencing (P-value is shown). The theoretical minimum
value at a given sequencing data size was calculated as the lowest relative abundance of a species with a genome size of 3 Mb to reach 30× genome
coverage.
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concentration was determined using the Thermo Fisher Scientific
Qubit high-sensitivity assay kits. The quality of the DNAwas mea-
sured by Thermo Fisher Scientific NanoDrop to assure that it all
met the requirements for nanopore library construction. Short
reads DNA Sequencing was performed at Novogene Co., Ltd.
(Beijing, China) on the Illumina HiSeq platform with the PE150
strategy. Additionally, 16S rRNA amplicon sequencing was applied
to evaluate the community diversity of the TAD microbiome (de-
tailed procedure could be found in Supplemental Text S1).

Library construction and nanopore sequencing

All sequencing libraries were constructed using the ONT Ligation
Sequencing Kit (no. SQK-LSK109) according to themanufacturer’s
instructions. When preparing the reactor sample libraries, to re-
move as many very short DNA fragments as possible, 0.4× beads
(Beckman AMPure XP) were used for each step of the cleanup,
and therefore the initial amount of genomic DNA was increased
to 2 µg to ensure a sufficient amount of DNA of the final library.

Selective sequencing via metaRUpore

The execution of metaRUpore to enrich unknown low-abundance
taxa is divided into the following three steps: firstly, a period (in
this case 60 min) of normal sequencing is performed to generate
reference file for selective sequencing. Next, the sequenced data
is fed into metaRUpore to obtain the reference and target needed
to configure Readfish TOML for selective sequencing. We put the
reference and target paths into the TOML file and set config_
name=“dna_r9.4.1_450 bps_fast”, single_on=unblock, multi_
on=unblock, single_off=stop_receiving, multi_off=stop_receiving,
no_seq=proceed, no_map=proceed. As recommended by the au-
thor of Readfish,we deactivated adapter scaling by editing the con-
fig files (dna_r9.4.1_450 bps_fast.cfg) in the guppy data directory.
Next, selective sequencing was started. The configuration on
MinKNOW was the same as for normal sequencing. Readfish
runs at the same time as the sequencing starts. To use adaptive
sampling directly in MinKNOW, enter the ejection target generat-
ed by metaRUpore into the “reference”, select the “deplete” op-
tion. Next, set channels by entering the channels you want to
deplete and finally perform selective sequencing of depleting
high-abundance species.

Analysis of long-read sequence data

Sequencing-derived FASTQ reads were adapter-trimmed using Por-
echop (https://github.com/rrwick/Porechop) (version 0.2.2) with
default settings. These reads were subsequently assembled by the
three tools: Canu (Koren et al. 2017) (version 2.2, default setting
except -nanopore, genomeSize = 3 m, maxInputCoverage=
10,000, corOutCoverage=10,000, corMhapSensitivity =high, cor-
MinCoverage =0, redMemory=32, oeaMemory=32, batMemory
=200 useGrid= false), Unicycler (Wick et al. 2017) (version
0.4.9b, default setting except -t 40, ‐‐keep 3), andmetaFlye (Kolmo-
gorov et al. 2020) (version 2.8.3, default setting except –nano-raw,
‐‐threads 50, ‐‐plasmids, ‐‐meta, ‐‐debug). Generated contigs that
were at least 1 Mbp in length were regarded as potential whole-
chromosome sequence. Among the remaining contigs that are
<1 Mbp, we did metagenomic binning for the contigs that are
>100 kbp in length. MetaBAT2 (Kang et al. 2019) (version 2.12.1
with default setting) is used to, respectively, bin the contigs assem-
bled by above three assemblers.

Next, we took multiple steps to correct the >1 Mbp potential
chromosome and bins we obtained. Firstly, we used nanopore data
to perform consensus correction on them using Medaka (https
://github.com/nanoporetech/medaka) (version 1.4.3, default set-

ting except -t 20, -m r941_min_high_g360). They were then fur-
ther corrected with the short reads data using Pilon (Walker et al.
2014) (version 1.24 with default setting except ‐‐fix all, ‐‐vcf).
We usedDIAMOND (Buchfink et al. 2015) (version 0.9.24) to align
the Pilon polished potential chromosome (with default settings
except -f 100 -p 40 -v ‐‐log ‐‐long-reads -c1 -b12) against the
NCBI nr database (O’Leary et al. 2016) (download on July 2021).
We used daa-meganizer in MEGAN Community Edition suite
(Huson et al. 2016) (version 6.21.7, run with default settings ex-
cept ‐‐longReads, ‐‐lcaAlgorithm longReads, ‐‐lcaCoveragePercent
51, ‐‐readAssignmentMode alignedBases) to format the .daa out-
put file and receive frame-shift corrected sequence with “Export
Frame-Shift Corrected Reads” option.

All the putative genomes were dereplicated using the dRep
(Olm et al. 2017) (version 3.2.2, run with default setting except
-p 40 -sa 0.95 –genomeInfo) to get species-level unique MAGs.
We checked the SCG-completeness and contamination of these
potential genomes with CheckM (Parks et al. 2015) (version
v1.0.12, run with default setting except lineage_wf, -t 20). Next,
gene annotations were obtained using Prokka (Seemann 2014)
(version 1.13). Microbial taxonomic classifications were assigned
usingGTDB-Tk (Chaumeil et al. 2020) (version 1.3.0, GTDB-Tk ref-
erence data version r89). The abundance of eachMAG is calculated
by dividing the number of reads bases mapped to it by the total
bases of selectively sequencing or normally sequencing, then nor-
malizing by the size of theMAG (detailedmethods could be found
in Supplemental Text S2).
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