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Abstract

In recent years, the field of shotgun metagenomics has witnessed remarkable advancements, primarily driven by the development and refine-
ment of next-generation sequencing technologies, particularly long-read sequencing platforms such as Nanopore and PacBio. These platforms
have significantly improved the ability to analyze microbial communities directly from environmental samples, providing valuable information on
their composition, function, and dynamics without the need for pure cultivation. These technologies enhance metagenomic data assembly, an-
notation, and analysis by addressing longer reads, higher error rates, and complex data. In this review, we provide a comprehensive overview of
the historical development of long-read metagenomics, highlighting significant landmarks and advancements. We also explore the diverse appli-
cations of long-read metagenomics, emphasizing its impact across various fields. Additionally, we summarize the essential computational tools
and resources, including software, databases, and packages, developed to enhance the efficiency and accuracy of metagenomic analysis.
Finally, we provide a practical guide for the installation and use of notable software available on GitHub (https://github.com/zhangtianyuan666/
LongMetagenome). Overall, this review assists the metagenomics community in exploring microbial life in unprecedented depth by providing a
roadmap for successful resource utilization and emphasizing possibilities for innovation.
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. from both cultivable and uncultivable microorganisms [1].
metagenomics

Over the past two decades, metagenomic technology has be-

Most microorganisms in nature are difficult to isolate and
cultivate. The concept of metagenome, introduced by
Handelman et al. in 1998, encompasses the genetic material

come a powerful tool for studying microbial communities, as
it eliminates the need for cultivation [2-4]. Metagenomic re-
search advanced significantly with the introduction of the
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Purple represents the origin stage of metagenomics, symbolizing the early beginnings and conception of the field (1991-2010). Green signifies the
development of long-read metagenomics, indicating a period of advancement during which longer DNA sequencing reads were introduced, enhancing
the resolution and capabilities of metagenomic analysis (2011-2018). Orange signifies the maturation and expansion phase of long-read metagenomics,
highlighting a stage when this technology became more refined, widely adopted, and broadly applied (2019-2025+). NGS, next-generation sequencing;
PacBio, Pacific Biosciences; ONT, Oxford Nanopore Technologies; ARG, antibiotic resistance gene.

first high-throughput sequencer in 2005. These sequencers
can generate vast amount of sequence data from DNA simul-
taneously, enabling scientists to explore the genetic diversity
of soil, water, human gut, and other environmental micro-
biota. This breakthrough has revealed numerous novel mi-
crobial species, genes, and metabolic pathways. Currently,
metagenomic research has made significant advancements,
expanding its potential applications (Figure 1). However,
short-read shotgun metagenomic sequencing is widely used
due to its ease and accessibility, but it has certain limitations
in assembly, as well as detecting structural variations (SVs)
and duplication regions [5,6]. Additionally, the inability to
cover longer repeats and homologous regions restricts the ca-
pacity to differentiate polymorphic sites and distinguish be-
tween closely related species or strains. Consequently,
analyzing the complex composition of microbial communities
may not accurately distinguish species.

Long-read sequencing methods, such as Oxford Nanopore
Technologies (ONT) and Pacific Biosciences (PacBio), have

revolutionized genomics by enabling the generation of extraor-
dinarily long DNA sequences. The PacBio RS sequencer, intro-
duced in 2011, has the capacity to generate read lengths
exceeding 10 kilobases (kb). Early PacBio sequencing, however,
was characterized by a high error rate of around 11%-15% for
long reads [7]. Despite this, PacBio technology was not applied
to investigate resistance genes in the metagenome of dairy cow
manure until 2014 [8]. In the same year, ONT released the
MinION sequencer, achieving an accuracy of about 64% [9].
In 2015, Greninger et al. were the first to use real-time, unbi-
ased metagenomic detection to identify viral infections in clini-
cal specimens using MinlON nanopore sequencing technology
[10]. This marked the beginning of the long-read metagenomics
era. Unlike short-read sequencing methods, which typically
yield DNA fragments ranging from a few dozen to several hun-
dred base pairs, long-read sequencing technologies can produce
reads spanning thousands to tens of thousands of base pairs.
This capability has profoundly impacted metagenomics, en-
abling the study of microbial communities in environmental
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Figure 2 Applications of long-read metagenomics in analyzing microbial community structure and functions

BGC, biosynthetic gene cluster; MGE, mobile genetic element.

samples and providing a comprehensive and accurate under-
standing of these complex ecosystems.

Advancements in sequencing technology have significantly re-
duced the error rates of PacBio and ONT platforms. PacBio has
released the Sequel sequencers, which utilize circular consensus
sequencing (CCS) mode to produce high-fidelity (HiFi) reads
with an accuracy of quality score 20 (Q20; Box 1) or higher. In
2019, ONT launched the portable sequencer Flongle and the
commercial high-throughput sequencer PromethION, signifi-
cantly increasing the application of long-read metagenomes.
Flongle and MinION support real-time sequencing and analyses
in field environments, including outdoor sites and even on
Earth’s space stations [11]. Meanwhile, advancements in the
chemistry of the R9.4.1 flow cell (Box 1) have enabled an aver-
age accuracy of 92% [12]. Additionally, the first long-read
metagenomic assembly software “metaFlye” has been pub-
lished, demonstrating excellent performance [13,14]. By 2022,
the R10.4.1 flow cells equipped with Q20+ chemistry were ca-
pable of generating data with an accuracy of > Q20. Besides,
the upgrade to the PacBio Revio sequencer enhanced through-
put, reduced sequencing time to 24 h, and ensured that HiFi
reads attained an accuracy surpassing Q30, reflecting an excep-
tional level of accuracy in long-read sequencing. Following these
advancements, the “HiFiasm-meta” assembler was introduced
for HiFi metagenome assembly. In January 2023, the comment
titled “Long-read metagenomics paves the way toward a com-
plete microbial tree of life” was published in the prestigious
journal Nature Methods, representing a notable achievement in
the field of long-read metagenomics [15]. This insightful com-
ment predicted that long-read sequencing technologies would
progressively unveil the complexity and diversity of the micro-
bial world, ultimately enabling a complete microbial tree of life.
Since then, the application of long-read metagenomic technol-
ogy has steadily advanced, with more researchers employing

these approaches in their research. For instance, Huang et al.
combined ONT and PacBio long-read sequencing with Illumina
short-read sequencing to establish a high-quality Panda gut
microbiome catalog (pandaGUT) [16]. Presently, tools and
resources specifically designed for long-read metagenomes are
being developed, including software for identifying and classify-
ing SVs in metagenomic data, such as metaSVs [17] and the lat-
est binning (Box 1) software BASALT [18]. The new Chinese
nanopore platform CycloneSEQ generated 7.7 gigabase (Gb) of
long-read data from the ZymoBIOMICS Gut Microbiome
Standard mock sample. It effectively quantified the relative
DNA abundance of 15 species and successfully assembled
genomes for 10 species with over 1% abundance, 9 of which
were circularized [19]. In March 2025, a comprehensive evalua-
tion of existing tools for nanopore-based metagenomic analysis
was performed, leading to the development of an integrated bio-
informatics pipeline, EasyNanoMeta [20], designed to address
challenges in analyzing nanopore-based metagenomic data.
These advancements underscore the growing importance of
long-read sequencing in metagenomics, enabling more accurate
microbial analyses and driving novel discoveries.

Subsequently, we will review and introduce the latest soft-
ware, databases, and bioinformatics pipelines that are appli-
cable to long-read metagenomics studies and applications.

Applying long-read metagenomics to analyze
microbial community structure and functions

By providing continuous sequences that can cover entire
genes, operons, or even genomes, long-read metagenomic se-
quencing has greatly improved microbial community analysis
[21,22]. Unlike short-read sequencing methods, long-read se-
quencing offers comprehensive insights into the functional
potential of complex microbial communities, overcoming
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previous limitations. Consequently, it has gained popularity
among researchers. In this review, we examine the long-read
metagenomics applications from the past decade (Figure 2).

Rapid identification of community structure

Long-read sequencing can detect rare or low-abundance spe-
cies that short-read sequencing cannot, providing a more
comprehensive profile of microbial diversity within a sample.
This enhanced resolution is essential for comprehending the
structure and function of microbial communities across di-
verse environments, including soil, water, and the human gas-
trointestinal tract. ONT, in particular, has facilitated real-
time sequencing and analysis, enabling rapid pathogen identi-
fication [23,24] and in situ monitoring of environmental
communities [25].

Assembly of a circularized genome

In addition, long-read sequencing data facilitate the assembly
of continuous genomic sequences by overcoming repeat
regions and SVs, distinguishing it from short-read assembly
methods. Thus, long-read data can be handled more effi-
ciently through assembly and binning to obtain the complete
genome [26]. Furthermore, it supports the development of
microbiome reference catalogs [16,27] and the investigation
of phylogenomic relationships between closely related
genomes [28].

Prediction of genes and elements

The majority of antibiotics and drugs used in clinical settings
are derived from natural compounds found in plants or
microbes. Integrating traditional separation and analysis ap-
proach with metagenomic mining simplifies the identification
and characterization of natural product pathways based on
genomic data. Moreover, it enables the recovery of complete
biosynthetic gene cluster (BGC) sequences and identification
of novel biosynthetic pathways for drug development [29]. It
also aids in uncovering mobile genetic elements (MGEs), such
as antibiotic resistance genes (ARGs) [30,31] and metal resis-
tance genes (MRGs) [32]. Long-read sequencing reveals
insights into microbial communities, as well as the diversity
and relationships of MGEs. MGEs, including plasmids, trans-
posons, and bacteriophages, promote horizontal gene trans-
fer (HGT) between microbial species, significantly speeding
up evolutionary dynamics and adaptive responses. Long-read
sequencing covers and characterizes multiple MGE and HGT
events, revealing mechanisms of microbial evolution and
community composition.

Microbial variation and population heredity

Investigating the diversity of microorganisms within a popu-
lation is crucial for comprehending microbial ecology, evolu-
tion, and their influence on human health. Long-read
sequencing data, which span complex genomic regions, facili-
tate the identification of SVs, such as insertions, deletions,
inversions, and translocations that may be overlooked by
short-read sequencing techniques [33]. Hence, long-read data
provide access to a variety of SVs and enable the quantifica-
tion of population heterogeneity in metagenomics [17,34,35].

Epigenetics and associations

PacBio sequencing technology detects single-base methylation
by leveraging its unique real-time fluorescence signal to moni-
tor base insertion. Similarly, nanopore sequencing can detect
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base modifications, including epigenetic signatures such as 5-
methylcytosine (SmC) and NC°-methyladenine (6mA). In
metagenomic epigenetics, both PacBio and ONT data can be
utilized for DNA methylation analysis, helping characterize
different bacterial species within the metagenome [36,37].
Additionally, this approach offers a method for evaluating
microbial genomes with unusual size and structural complex-
ity from metagenomes [38]. Furthermore, long-read metage-
nomics combined with Hi-C or metaPore-C technology
provide linkage information between plasmids, hosts, and
viruses [39-41].

Software, databases, and downstream tools
for long-read metagenomics

Description and evaluation of software for long-
read metagenomic analysis

The applications of long-read metagenomics are rapidly
expanding, providing substantial data that drive improve-
ment in computational models for analysis. Therefore, we
summarize bioinformatics pipelines applicable to long-read
metagenomic analysis (Figure 3). Table 1 presents popular
tools, while Table S1 provides a comprehensive list and over-
view of currently available tools for long-read metage-
nomic analysis.

Data quality control, simulator, and host removal

PacBio data need to be analyzed after sequencing is com-
pleted. The raw PacBio data must be processed and analyzed
using SMRTlink (https://www.pacb.com/support/software-
downloads/), which manages the data and addresses issues
such as linkers and low-quality reads. The bam2fastx [42]
tool enables conversion of PacBio BAM files into FASTA and
FASTAQ files, with the capability to split barcoded data. Since
2023, ONT data analysis has benefited from the Dorado
basecaller  (https://github.com/nanoporetech/dorado). For
simulating various types of PacBio and ONT long-read data,
tools like PBSIM3 [43], Meta-NanoSim [44], and PaSS [45]
are employed. Quality control steps include using Porechop
(https://github.com/rrwick/Porechop) to demultiplex ONT
reads, identify barcodes, trim adapter sequences, and remove
potential chimeric reads, thereby improving data quality for
downstream analyses. Additionally, NanoFilt [46] filters and
trims ONT reads based on quality, length, and adapter, pro-
moting high-quality data preprocessing, and it can also be ap-
plied to PacBio data. LongQC [47] and Segkit2 [48] can
assess and confirm the quality of both Nanopore and PacBio
data. These tools offer a range of functions, including quality
assessment, read trimming, randomization of reads, and
other essential functions for data preprocessing.
Consequently, it is essential to filter and remove host
sequences by aligning them with a reference database of
known host genomes. Long-read aligners are distinct from
short-read aligners due to their specific capability to manage
uninterrupted but error-prone sequences. These aligners re-
quire flexible algorithms to accommodate insertions and
deletions (indels) while accurately navigating complex geno-
mic regions. Among these tools, Minimap2 [49] has become
one of the most widely utilized alignment tools for long-read
data. Building on the Minimap2 framework, Winnowmap2
[50] introduces advanced features by combining a sophisti-
cated seed search strategy with a semi-global alignment algo-
rithm, making it particularly effective in handling long-read
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Figure 3 Bioinformatics pipeline for long-read metagenomic data analysis

QC, quality control; MAG, metagenome-assembled genome; SV, structural variation; Hi-C, high-resolution chromosome conformation capture.

sequences with high error rates. Additionally, LAST [51]
employs a global optimal alignment approach, offering rapid
performance and high accuracy across various data types.
Other long-read aligners, such as WFA-GPU [52] and BLASR
[53], are also available, each contributing to enhanced preci-
sion and faster removal of host sequences.

Taxonomy profiling and read binning

The k-mer approach is commonly applied to process short-read
data due to its efficiency and speed, making it ideal for handling
large-scale datasets. It has also been employed in the analysis of
long-read metagenomic data, leveraging inherent advantages
such as scalability and providing rapid taxonomic assignment ca-
pabilities. Notably, Kraken2 [54] is renowned for its exceptional

speed and is accompanied by a comprehensive suite of down-
stream processing tools, including KrakenTools [55] and Bracken
[56]. FUNpore [57] addresses frameshift errors in nanopore reads
and classifies these reads using Kraken. In addition, a few of
long-read studies have employed Centrifuge [58] for taxonomy
profiling. Many short-read tools are more susceptible to sequenc-
ing errors [59]. Conversely, alignment-based methods are pre-
ferred for long-read data, as they effectively utilize complete
sequence information. BugSeq [60], Metamaps [61], LAST [62],
MEGAN-LR [63], and Minimap2 [49] are among the prominent
tools for long-read taxonomy profiling. BugSeq and Metamaps
were developed to achieve strain-level resolution, with BugSeq
being particularly notable for its faster analysis compared to
Metamaps. Metamaps, the most popular tool, is recommended
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for its ability to use the National Center for Biotechnology
Information (NCBI) Reference Sequence (RefSeq) database and
apply the expectation-maximization (EM) algorithm to estimate
species or strain-level abundance. It boasts several advantages, in-
cluding rapid processing speed and low memory consumption.
deSAMBA [59], a tool developed for long-read data, has not yet
been widely adopted. A recently developed tool, Melon, designed
for long-read metagenomic taxonomy profiling using marker
genes, features an EM-based post-correction module that resolves
ambiguous reads. It has demonstrated strong performance in
both mock communities and wastewater samples [64]. Melon
supports species classification using both the NCBI and Genome
Taxonomy Database (GTDB) databases and is designed for easy
installation. Other tools, such as Diamond [65] and Kaiju [66],
are primarily developed for short-read data and are used for
translation alignment to annotate the relative abundance of mi-
crobial species. Overall, Metamaps demonstrates superior perfor-
mance compared to other tools. MetaBCC-LR [67] is a binner
based on k-mer coverage that uses the DBSCAN algorithm,
though its installation process can be challenging (requiring GCC
v9.4.0). LRBinner [68], developed to improve the accuracy of
binning long-read metagenomic data, utilizes k-mer profiles and
variational autoencoder (latent representation) deep learning
algorithms to combine composition and coverage information.
LRBinner supports both read and contig binning, indicating su-
perior performance compared to other tools while requiring less
memory. Finally, MetaProb2 [69] uses minimizers for efficient
read assembly into unitigs and applies a graph modularity-based
community detection approach for clustering and identifying rep-
resentative unitigs through an unsupervised binning method, us-
ing probabilistic k-mer statistics. However, it has not been
updated since 2021.

Metagenome assembly, polishing, and binning

The metagenome comprises the genomes of numerous spe-
cies, which often contains a significant abundance of repeat
sequences both within and between species. During the as-
sembly process, challenges arise from variations in read
length distribution, high ploidy, and insufficient coverage of
specific haplotypes. Long-read metagenomic sequencing sig-
nificantly enhances sequence contiguity, reduces assembly
ambiguity, improves genomic resolution in complex struc-
tures and repetitive regions, and facilitates genome assembly.
HiFiasm-meta [70], designed for high-accuracy metagenomic
data generated by PacBio HiFi sequencing, excels at handling
complex metagenome assemblies with both high accuracy
and efficiency, although it requires a substantial amount of
memory. This tool allows for the potential reuse of units in
multiple contigs and the assembly of circular genome sequen-
ces. While HiFiasm-meta may consume more resources and
run slower, its precision in assembling complex microbial
communities justifies these requirements. metaFlye [14], the
most popular software for long-read metagenomic analysis,
utilizes a repeat graph as its core data structure, effectively
addressing the challenges of uneven bacterial composition in
complex microbial communities and improving the integrity
of assembly results. It supports several types of PacBio and
ONT data with different error rates. Additionally, it offers a
haplotype mode, which enables the identification of more
heterozygous SVs. Lathe [26] combines long-read assembly
and circularization approaches, utilizing the Flye assembler.
This workflow, designed for long-read data from both ONT
and PacBio technologies, produces high-quality circular

Genomics, Proteomics & Bioinformatics, 2025, Vol. 23, No. 4

genome assembly. Additionally, this workflow is encapsu-
lated within the Snakemake framework, allowing researchers
to adjust parameters for different community types. Its distin-
guishing features include support for short-read correction
and genome circularization, though the program has not
been updated since February 2021. metaMDBG [71], a new
PacBio HiFi metagenomics assembler, employs de Bruijn
graph assembly in a minimizer space with an iterative algo-
rithm to handle uneven coverage depths across genomes.
Additionally, the software now supports nanopore sequenc-
ing data. metaMDBG is particularly well-suited for handling
repeated sequences and complex genomic regions, especially
in situations with limited computational resources, due to its
rapid execution. However, HiFiasm-meta offers superior ac-
curacy when handling complex microbial communities.
Other long-read metagenomic assembly tools include
STRONG [72] and Strainberry [73]. In summary, for PacBio
data, we recommend metaMDBG for speed and HiFiasm-
meta for accuracy. For ONT data, we recommend Flye for
faster performance and Lathe for a more comprehen-
sive analysis.

Hybrid assembly, which combines long- and short-read
data, is a commonly used approach for metagenome assembly.
The most widely used tool for this approach is OPERA-MS
[74], which follows a step-by-step process to assemble data,
integrating findings from short-read assembly to successfully
incorporate long-read data. By combining the high precision
of short-read data with the extended coverage of long-read
data, hybrid assembly enhances genome assembly outcomes,
producing exceptional results. However, hybrid assembly
software, such as hybridSPAdes [75], is developed based on
single-genome assemblies and has restricted applications in
metagenomics.

Given the various error rates of long-read data, it is essen-
tial to correct them after assembly. Pilon [76] is a widely used
tool for improving and correcting long-read assemblies utiliz-
ing short-read data. For long-read-based polishing, several
tools have been developed, especially for Nanopore data,
though they can also be applied to PacBio data. Racon [77]
and Medaka (https://github.com/nanoporetech/medaka) are
most commonly used tools for guidelines. Notably, Racon
employs efficient alignment techniques for rapid error correc-
tion and supports both ONT and PacBio data. In contrast,
Medaka utilizes a deep learning model, is designed specifi-
cally for ONT data, and is not applicable to PacBio data.
HiFi sequences provide high precision, making error correc-
tion optional. However, error correction is essential for
ONT assemblies. Other tools like Nextpolish2 [78] and
Homopolish [12] have also demonstrated efficacy in single-
genome assemblies. Ratatosk [79] is a hybrid error correction
tool for long-read data and assemblies, utilizing both long-
and short-read sequences. Consequently, some researchers
use short-read data to fix errors in long-read data before
employing the corrected long-read data for assembly.

Metagenomic binning is a process of categorizing reads/
contigs into groups, known as bins, according to shared
attributes such as sequence composition, coverage, and taxo-
nomic classification. Determining and analyzing specific tax-
onomic groups or genomes within complex microbial
communities requires this process. Despite the challenges of
binning long-read data due to a lack of information such as
coverage and error rates [80], many tools based on short-
read metagenomic partitioning are still widely used for long-

920z Aieniga4 0| Uo Jasn Sy9D'Je1us) onewojulolg @ olwouas) Aq 6966£28/S.01ezZb/y/cz/e101nue/qdBb/woo dno olwspede//:sdiy Woll papeojumod]


https://github.com/nanoporetech/medaka

Zhang T et al / Computational Tools and Resources for Long-read Metagenomics 9

read data. MetaBAT?2 [81] is the most popular tool designed
for short-read data and has been extensively employed in nu-
merous studies involving long-read metagenomics.
Empirically, MetaBAT?2 is suitable for studies using short-
read binning before long-read assembly. In addition, there
are some binning tools based on short-read data, such as
metaWRAP [82] and DAS_Tool [83], which are often used
for comparison with newly developed tools. Recently, many
long-read tools have been developed. GraphMB [84] and
MetaCoAG [85] are novel binners that integrate advanced
algorithms for long-read assemblies. GraphMB uses deep
learning techniques in conjunction with the metaFlye assem-
bly graph. Recent studies have shown that GraphMB per-
forms exceptionally well on multiple gut sample datasets
[86]. MetaCoAG [85] uses single-copy marker genes along
with graph matching and label propagation algorithms to bin
contigs generated by metaSPAdes, MEGAHIT, and Flye as-
semblies. This software also requires abundance calculations
from CoverM and is notable for being the first fully autono-
mous contig-binning software, though its performance has
yet to be widely validated. MUFFIN [87] is a comprehensive
metagenomic workflow designed for the assembly, binning,
and annotation of metagenomic data using both long- and
short-read technologies. The integrated workflow offers a hy-
brid assembly approach and differential binning for metage-
nomics, transcriptomics, and pathway analysis. BASALT
[18], a newly versatile tool, performs rapid binning and re-
finement of both short- and long-read data. It generates high-
quality metagenome-assembled genomes (MAGs; Box 1)
from PacBio, ONT, short-read, hybrid assembly, and Hi-C
data by utilizing several binning tools and neural networks.
We recommend using BASALT, which performs better than
other tools, although it consumes more resources.

Metagenomic Hi-C (metaHi-C) is a 3D epigenomic tech-
nique used to detect links between contigs based on their
physical proximity, making it highly useful for contig bin-
ning. Most metaHi-C analysis tools, such as HiCBin [88] and
bin3C [89], were developed for short-read libraries.
Although they can now process long-read data, there remains
potential to improve their efficacy. MetaCC [40] provides
outstanding efficiency compared to current tools, excelling in
the analysis of both long- and short-read data with metaHi-
C. Moreover, while PacBio and ONT are primarily recog-
nized for generating ultra-long-read data, they also provide
valuable data for investigating epigenetic information.
Therefore, we recommend using metaCC as it outperforms
other tools. The Nanodisco [36] toolbox employs nanopore
sequencing to discover all three types of DNA methylation
(6mA, 5mC, and N*methylcytosine) across bacterial
genomes and microbiomes. It also uses these distinct epige-
netic patterns to perform high-resolution metagenomic bin-
ning on microbiome samples.

The subsequent step involves the downstream analysis of
MAGs. Many software tools originally designed for short-
read metagenomes are also adaptable to long-read data. For
example, dRep [90] is an efficient genome dereplication tool
that clusters MAGs based on nucleotide similarity, facilitat-
ing the identification of distinct genomic entities and reducing
redundancy in genomic datasets. For the taxonomy of
MAGs, GTDB-tk [91] is highly effective in classifying bacte-
ria and archaea, even when dealing with large numbers of
genomes. Bugsplit [92] categorizes MAGs based on taxon-
omy using a reference database, highlighting the ability of

long-read data to automate the identification of microorgan-
isms in complex microbial communities. To assess the quality
of MAGs, CheckM2 [93] is commonly used for assessing
completeness and contamination, while CoverM [94] pro-
vides advanced analyses of metagenomic datasets, specifically
assessing MAG coverage and completeness. MetaQUAST
[95] evaluates the quality of metagenome assemblies by com-
puting misassemblies, unaligned contigs, and gene
predictions.

Several tools have been developed to quantify and catego-
rize the diversity within a species using metagenomic data.
MetaCortex [96] identifies differences by analyzing polymor-
phism symbols, providing insight into minor variations such
as single nucleotide polymorphisms (SNPs) and indels.
StrainPhlAn [97] utilizes single nucleotide variants (SNVs) in
marker genes to categorize internal variations of species into
clusters, which is extremely effective for phylogenetic recon-
struction and population genetic studies of uncultivated or
unidentified species. A recently developed tool, Strainy [98],
is designed for phasing and assembling strain haplotypes us-
ing long-read data. It takes a de novo metagenomic assembly
as input to identify strain variants. It constructs a connection
graph for each strain-collapsed contig, encoding the pairwise
distances between aligned reads. The reads are then clustered
by strain using community detection, and this clustering is re-
fined with increased sensitivity to strain variants, allowing
for the separation of closely related strains and their assembly
into contiguous haplotypes. MAGphase [99] is designed for
phasing metagenomic assembly graphs using PacBio reads,
enabling the identification of genomic SNP haplotypes within
metagenomic datasets. metaSVs [17] applies both nanopore
long- and short-read data to investigate SVs among complex
microbial communities.

Gene prediction and functional analysis

By incorporating structural and functional annotation out-
comes, one can gain an understanding of the potential func-
tions and biological significance of metagenomic data.
Following the process of sequence assembly or binning, gene
prediction becomes an essential step in genome annotation.
Gene prediction tools identify genomic DNA regions that en-
code genes, including regulatory elements, protein-coding
genes, and RNA genes. Because of the annotation of MAGs,
most software based on short-read metagenomes is also suit-
able for long-read data. Prokka [100] is a powerful
command-line tool for annotating prokaryotic genomes, es-
pecially those of bacteria and archaea. To accomplish com-
prehensive genome annotation, Prodigal [101] is employed
for gene prediction, Aragorn [102] for tRNA prediction, and
Barrnap (https://github.com/tseemann/barrnap) for ribo-
somal RNA  (rRNA) identification.  Furthermore,
MetaGeneMark2 [103], NCBI-PGAP [104], and Glimmer-
MG [1085] are also employed for gene prediction. To ensure
thorough and accurate annotation, tools like HMMER [106]
are used to identify protein domains, while BLAST+ [107]
assists in searching databases like UniProt [108] for homolo-
gous proteins. Other tools include tRNAscan-SE [109] for
tRNA identification, Minced [110] for CRISPR recognition,
DeepTMHMM [111] for predicting signal peptides and
transmembrane domains. Likewise, CD-HIT [112] is widely
used for creating non-redundant gene or protein sequences.
Additionally, functional annotation tools provide valuable
insights. EggNOG-mapper [113] swiftly maps protein
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sequences to orthologous groups using the eggNOG data-
base, offering functional annotations, phylogenetic insights,
and protein domain compositions. This method is particu-
larly valuable for newly sequenced organisms with limited
annotations, as it predicts unknown proteins based on func-
tional and evolutionary data. BGCs comprise enzymes and
regulatory factors responsible for producing secondary
metabolites. AntiSMASH 6.0 [114] automatically identifies
and annotates BGCs in MAGs. When combined with BiG-
SCAPE [115], researchers can streamline the exploration of
natural product biosynthesis pathways, facilitating the identi-
fication of novel pathways. Plasmids, self-replicating entities
within prokaryotic cells, play a crucial role in genetic diver-
sity and evolution. PlasFlow [116] efficiently identifies plas-
mid sequences in genomic and metagenomic data. Phispy
[117] is another tool capable of identifying active prophages,
contributing to a better understanding of viral elements
within microbial genomes. Salmon [118] is also a widely used
tool that offers rapid and unbiased quantification of
gene expression.

The databases in long-read metagenomics studies

In the field of long-read metagenomics, databases play a cru-
cial role in analyzing and interpreting the massive datasets
generated from various microbial communities. As most
database analyses focus on contig- or gene-level assessments,
these databases are suitable for both general and long-read
metagenomics studies. Below is an overview of the primary
databases utilized in metagenomics (Table 2).

Public functional annotation databases

Public functional annotation databases provide researchers
with insights into the metabolic capabilities and functional
potential of genes found in metagenomic data. Key resources
include the non-redundant protein database [119], the nucle-
otide database [120], and RefSeq [121], all curated by the
NCBI. These databases offer species information along with
functional annotations, aiding in the identification and classi-
fication of metagenomic sequences. Other commonly used
databases for functional annotation include Gene Ontology
(GO) [122], UniProt [123], Kyoto Encyclopedia of Genes and
Genomes (KEGG) [124], and eggNOG [113]. These data-
bases are frequently utilized to explore gene families, investi-
gate gene functions, and analyze metabolic and regulatory
pathways. Collectively, these databases offer a comprehen-
sive understanding of the functional attributes of genes across
a wide range of species. Rfam [125], Pfam [126], and
TIGRfam [127] are databases that catalog and classify RNA
and protein families based on hidden Markov models
(HMMs). Pfam recognizes and describes protein families and
domains, which is especially useful for annotating protein
sequences and inferring their possible functions. Rfam is a
database specializing in diverse non-coding RNA (ncRNA)
families, encompassing rRNAs, transfer RNAs (tRNAs),
small nuclear RNAs (snRNAs), microRNAs (miRNAs), and
various other ncRNAs. TIGRfam is another database focus-
ing on protein and RNA families primarily associated with
microbial genomes. MBGD [128] is a comparative database
of fully sequenced microbial genomes that helps with ortho-
log discovery, paralog grouping, motif analysis, and so on.
These databases serve as indispensable resources for annotat-
ing metagenomic sequences and understanding the functions
of microbial communities.
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Resistance element and MGE databases

Several databases focusing on resistance elements and MGEs
have been established to catalog ARGs, MGEs, and virulence
factors (VFs) because of their critical roles in public health,
epidemiology, and biotechnology. The comprehensive antibi-
otic resistance database (CARD) [129] and SARG [130] offer
extensive information on ARGs. Additionally, the BacMet
[131] database provides experimentally validated informa-
tion on resistance mechanisms against metals and antibacte-
rial biocides. The virulence factor database (VFDB) [132]
meticulously organizes VFs from a wide range of bacterial
pathogens, while PHI-base [133] compiles experimentally
validated genes associated with pathogenicity, virulence, and
other disease mechanisms, across diverse pathogens. This
includes studies on host—pathogen interactions between hosts
and infections and other disease mechanisms, extending be-
yond antibiotic resistance. ISFinder [134] and mobileOG-db
[135] investigate MGEs in bacteria and archaea. These ele-
ments are essential for the dissemination of ARGs and geno-
mic rearrangement, emphasizing their significance in
microbial evolution and adaptability. Additionally, the
SecReT6 [136] database offers comprehensive information
on bacterial type VI secretion systems (T6SSs), which mediate
complex interactions between bacteria and eukaryotes.
Together, these databases provide valuable insights into the
dissemination of antibiotic resistance and pathogenic capabil-
ities of microbial communities.

Metabolism and elemental cycling

Metabolism and elemental cycling databases deal with the
study of enzymes and pathways involved in these processes.
The CAZy database [137], CYPED [138], and TCDB [139]
provide extensive resources focusing on genes related to me-
tabolism. The CAZy database is particularly valuable for un-
derstanding enzymes involved in carbohydrate degradation,
modification, and biosynthesis. CYPED classifies cytochrome
P450 enzymes involved in oxidative metabolism, while
TCDB organizes transporters based on their evolutionary
relationships and functional roles. The antiSMASH database
offers a curated collection of BGCs, while Big-SCAPE [115]
categorizes these clusters into groups based on similarity,
generating a network for large-scale investigation of gene
clusters associated with natural products. The NCycDB
[140], SCycDB [141], MCycDB [142], and PCyCDB [143]
databases provide tailored insights into specific metabolic
pathways, allowing for detailed exploration of metabolic
functions and processes.

Taxonomic databases

Taxonomic databases provide essential information on the
classification and taxonomy of organisms. These databases
are used to assign taxonomic labels to sequencing reads and
infer the taxonomic composition of microbial communities.
The IMG/VR [144] database is designed for analyzing and
evaluating publicly available genomes of bacteria, archaea,
and viruses. The database includes metadata, functional
annotations, and taxonomic classifications. The GTDB offers
a standardized and reliable classification system for bacteria
and archaea based on genome sequences [145]. It utilizes a
phylogenetic approach to categorize organisms, ensuring a
more accurate and up-to-date classification. The VirSorter2
[146] database is associated with the VirSorter pipeline,
which is used to detect and categorize viral sequences in
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Table 3 Applications of R packages for visualization in metagenomics studies

Application

Package

Metagenome and microbiome analysis & visualization

Data visualization & plotting

Multi-omics
Data processing & statistical analysis

MetagenomeSeq [148], EasyAmplicon [149,150],

EasyMetagenome [151], EasyMicrobiome [152],

MicrobiomeStat [153], microbiome [154],

EasyMicroPlot [155], Phyloseq [156]

ImageGP [157], clusterProfiler [158], igraph, Compositions [159],
MicrobiomeStatPlots [160], Corrplot [161]

ivTerm [162], mixOmics [163]

ggplot2 [164], ggtree [165], networkD3 (https://christophergandrud.
github.io/networkD3), circlize [166], ggvenn, ggmap [167], ggpubr,
UpSetR [168], Pheatmap

Note: These databases are equally suitable for both general and long-read metagenomics. Considering the rapid advancements in this field, the content will be
updated and maintained on GitHub (https://github.com/zhangtianyuan666/LongMetagenome) on a quarterly basis to uphold its usability and currency.

metagenomic data. The CheckV [147] database collects
lineage-specific marker genes to assess the quality, complete-
ness, and taxonomy of viral genomes obtained from metage-
nomes. Kraken2DB [54] and KaijuDB [66] are widely used
for assigning taxonomic labels to metagenomic sequences.
They utilize both publicly available databases and customiz-
able features to classify taxa based on research requirements.
Long-read shotgun metagenomics studies rely on these data-
bases to categorize organisms at various taxonomic levels,
from species to phyla. This taxonomic information assists
researchers in clarifying the composition, structure, and eco-
logical functions of microbial communities within their re-
spective ecosystems.

Applications of R packages for visualization in long-
read metagenomics studies

Visualization plays a pivotal role in exploring, analyzing, and
communicating complex biological data, particularly in the
context of long-read sequencing technology used in metage-
nomics. Several R packages can effectively process and visual-
ize long-read metagenomic data (Table 3). It is important to
note that these R packages are also suitable for comprehen-
sive short-read metagenomic analysis, making them equally
potent in the realm of long-read metagenomics.

These packages can be classified into four categories: (1)
Analysis and visualization of metagenomes and microbiomes:
packages such as MetagenomeSeq [148], EasyAmplicon
[149,150], EasyMetagenome [151], EasyMicrobiome [152],
MicrobiomeStat [153], microbiome [154], EasyMicroPlot
[155], and Phyloseq [156] are designed for importing, analyz-
ing, statistically processing, and visualizing microbiomic
data. These packages facilitate the understanding of biodiver-
sity and microbial ecosystem functions. (2) Data visualization
and plotting: packages like ImageGP [157], clusterProfiler
[158], igraph (https:/github.com/igraph/igraph), composi-
tions [159], MicrobiomeStatPlots [160], and Corrplot [161]
provide a range of analysis and visualization options, from
simple charts to intricate networks, clustering, and dimen-
sionality reduction studies. (3) Multi-omics analysis: tools in-
cluding ivTerm [162] and mixOmics [163] combine and
analyze data from several biological layers, such as genomics,
transcriptomics, and proteomics. These tools are essential for
clarifying relationships within complex biological systems.
(4) Data processing and statistical analysis: widely used pack-
ages such as ggplot2 [164] and its extensions (e.g., ggtree
[165]), along with networkD3 (https://christophergandrud.
github.io/networkD3), circlize [166], ggvenn (https:/github.

com/yanlinlin82/ggvenn), ggmap [167], ggpubr (https://
github.com/cran/ggpubr), UpSetR [168], and Pheatmap
(https://github.com/raivokolde/pheatmap), offer a wide range
of data processing and visualization options from basic to ad-
vanced. These tools empower researchers to create custom-
ized visuals that effectively explain the results of their data
analysis. The precise objective of each R package is outlined
in Table S2. Overall, these R packages significantly enhance
the complexity and depth of metagenomic analysis, enabling
researchers to drive meaningful biological insights from large
and multifaceted datasets.

Summary and outlook

In the field of metagenomics, advanced sequencing technolo-
gies, such as ONT and PacBio, have greatly transformed the
study of complex microbial communities. These technologies
offer long-read sequencing that can cover entire microbial
genomes, overcoming the limitations of short-read sequenc-
ing. These advancements provide new opportunities to re-
solve genomic repeat regions, identify SVs, and accurately
characterize uncultivated microorganisms. This review fo-
cuses on the computational tools and resources that leverage
ONT and PacBio technologies in metagenomics. While these
sequencing techniques yield extensive metagenomic data, re-
trieving valuable information and understanding the struc-
ture and function of microbial communities require robust
computational tools and resources.

Breakthrough

A number of specialized software tools have been developed
to address the distinct challenges posed by long-read metage-
nomic data. For de novo assembly, tools such as metaFlye
and Lathe for ONT and HiFiasm-meta and metaMDBG for
PacBio are widely used. Basecalling tools such as Dorado (for
ONT) and SMRTIink (for native PacBio) enhance the preci-
sion of raw sequence data. Metagenomic binning tools, such
as BASALT and GraphMB, utilize long-read data to achieve
a more precise resolution of individual species within a com-
munity. Advancements in taxonomic classification lead to the
development of specialized classifiers, such as BugSeq2 and
Metamaps, specifically designed for long-read metagenomes.

Limitation

Despite these advancements, there remain areas where long-
read applications require further development or optimiza-
tion. Nevertheless, the effectiveness and features of these
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software tools have not been thoroughly validated, with most
evaluations still relying heavily on short-read data [169]. We
anticipate that as long-read technologies continue to evolve,
these approaches will yield more effective outcomes in future
metagenomics studies. There is a need for integrated pipelines
that optimize the transition from unprocessed data to biological
insights. These pipelines should encompass quality control, as-
sembly, binning, and functional annotation. Additionally, the
development of innovative statistical techniques, machine learn-
ing, and artificial intelligence algorithms will be crucial for han-
dling the noise and inherent biases in long-read data analysis.

Specifically, resources for metagenomic methylation and
metaPore-C are limited. In metagenomics, identifying methyl-
ation sites and functionally annotating complex communities
are essential for understanding the methylation patterns of
microbes in environmental samples. Metagenomic methyla-
tion research can benefit from long-read sequencing technol-
ogy, but specialized methylation analysis techniques are
required to analyze methylation sites. metaPore-C improves
assembly and binning, linking plasmids, hosts, and viruses.
Currently, ONT is the only entity that provides experimental
techniques and strategies for metaPore-C. However, its spe-
cific applications have yet to be reported.

Future

By 2025, the sequencing throughput of PacBio is expected to
witness a remarkable increase, allowing for faster and more
comprehensive coverage of large metagenomic studies.
Concurrently, ONT is expected to achieve a substantial im-
provement in read accuracy, targeting Q20 or even poten-
tially reaching Q30. This level of accuracy would bring the
error rate of ONT much closer to that of traditional short-
read methods, thereby increasing confidence in metagenomic
assembly. Such advancements will expand the role of ONT in
demanding applications, such as metagenomics, where high
accuracy is critical for identifying low-abundance species and
discerning between closely related organisms. With these
advancements, researchers will gain unprecedented insights
into the large-scale genetic variants and epigenetic patterns
across diverse populations of microbes, viruses, and host
organisms, contributing to a deeper understanding of the
complex interactions between genetics and the environment
in health and disease.

In summary, although notable advancements have been
made in developing computational tools and resources for
metagenomics using ONT and PacBio data, continuous inno-
vation and adaptation remain crucial for fully exploiting the
capabilities of these powerful sequencing technologies to un-
derstand complex microbial ecosystems.

Data availability

The list of all software, along with introduction to R pack-
ages, installation instructions, and usages methods for the
noteworthy software, has been uploaded to GitHub (https://
github.com/zhangtianyuan666/LongMetagenome). The list
of software is updated every three months to ensure that
users have access to the latest developments.
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