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Abstract
The advent of next-generation sequencing technologies has facilitated the acquisition of large amounts of DNA sequence 
data at a relatively low cost, leading to numerous breakthroughs in decoding microbial genomes. Among the various genome 
sequencing activities, metagenomic analysis, which entails the direct analysis of uncultured microbial DNA, has had a 
profound impact on microbiome research and has emerged as an indispensable technology in this field. Despite its valuable 
contributions, metagenomic analysis is a “bulk analysis” technique that analyzes samples containing a wide diversity of 
microbes, such as bacteria, yielding information that is averaged across the entire microbial population. In order to gain a 
deeper understanding of the heterogeneous nature of the microbial world, there is a growing need for single-cell analysis, 
similar to its use in human cell biology. With this paradigm shift in mind, comprehensive single-cell genomics technology has 
become a much-anticipated innovation that is now poised to revolutionize microbiome research. It has the potential to enable 
the discovery of differences at the strain level and to facilitate a more comprehensive examination of microbial ecosystems. In 
this review, we summarize the current state-of-the-art in microbial single-cell genomics, highlighting the potential impact of 
this technology on our understanding of the microbial world. The successful implementation of this technology is expected 
to have a profound impact in the field, leading to new discoveries and insights into the diversity and evolution of microbes.
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With the advancements in DNA sequencing and bioinformat-
ics, single-cell genomics has experienced rapid technologi-
cal progress. The first report of single-cell RNA sequencing 

(scRNA-seq) was published in 2009 (Tang et al. 2009), and 
since then, various methods have been developed that allow 
the analysis of several hundred thousand cells (Svensson et al. 
2018). The measurement targets have expanded from RNA 
to genomes, and single-cell multi-omics analysis, including 
proteins and metabolites, is now becoming a reality.

In most cases, “single cell” refers to mammalian cells, 
such as those from humans and mice. However, most single-
cell genomics techniques are not applicable to the analysis 
of environmental microbes such as bacteria. This is because 
the amount of DNA contained in a single bacterium is about 
1/1000th of that in a mammalian cell, and the effect of con-
taminating DNA on the reaction environment is so severe 
that sequencing analysis from a single microbial cell requires 
an extremely precise genome amplification process. Nev-
ertheless, there is a growing trend in microbial research to 
discuss the state of biological populations on a single-cell 
basis (Blainey 2013; Gawad et al. 2016; Woyke et al. 2017; 
Blattman et al. 2020; Kuchina et al. 2020). In this review, we 
present the background, challenges, and recent technological 
trends in bacterial single-cell genomics.
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As mentioned above, scRNA-seq is the most widely 
used type of single-cell genomics, but in the case of micro-
bial single-cell genomics, genomic DNA rather than RNA 
is the primary target of analysis. This is because refer-
ence genome sequences are often lacking for microbes, 
and single-cell genomics techniques are used to determine 
the genomes of unknown microbes. Even bacteria that are 
commonly handled in laboratories, such as Escherichia 
coli, have a variety of phenotypes, including pathogenic 
and commensal strains. Therefore, it is essential to explore 
the factors that lead to the phenotype of each bacterial 
strain from whole genome analysis to understand the diver-
sity within a species. In addition, since many environmen-
tal microbes are unculturable, it is necessary to develop 
methods for obtaining microbial genomes without isolating 
and culturing them.

Approaches for obtaining uncultured 
microbial genomes

Metagenomics and single-cell genomics are two approaches 
for obtaining the genomes of uncultured microbes without 
the need for isolation culture (Bowers et al. 2017). Metagen-
omics involves the direct sequencing of DNA extracted from 
microbial populations, and the genomic sequence of each 
microbe is subsequently classified in silico from the mix-
ture of fragmented sequences (Fig. 1a). Single-cell genomics 
entails the physical cell isolation and amplification of DNA 
from individual microbes, followed by sequencing (Fig. 1b). 
The draft genomes obtained from these sequencing efforts 
are referred to as metagenome-assembled genomes (MAGs) 
and single-amplified genomes (SAGs), respectively. MAGs 
and SAGs are acquired through specialized procedures that 
differ from those used for isolated microbes and, as such, 
often contain sequence errors and be incomplete. To assess 

the quality of MAGs and SAGs, a classification guideline 
has been proposed (Bowers et al. 2017), dividing them into 
four categories: finished, high quality, medium quality, and 
low quality. This classification is based on criteria such as 
the degree of fragmentation of the genome sequence (con-
tigs), the recovery of rRNA genes, the number of tRNA 
genes, and the estimated completeness and contamination 
of the genome. In most cases, high- and medium-quality 
MAGs or SAGs are used to interpret microbial functions. 
The completeness and contamination are evaluated based on 
the sufficiency or duplication of single-copy marker genes, 
and tools such as CheckM are used for this estimation (Parks 
et al. 2015).

In metagenomics, DNA fragments derived from a diverse 
array of microbes are sequenced and assembled computa-
tionally to generate contigs as consensus sequences. As the 
metagenomic contig set is a mixture of genome sequences 
from various microbes, binning is performed to separate the 
contigs into groups to recover the genome of each individual 
microbe (Sangwan et al. 2016). The recovery of individual 
microbial genomes relies on the accurate binning of the 
contigs into sequence groups called bins. This binning pro-
cedure compares contigs based on sequence characteristics 
such as GC content, tetranucleotide frequency, and sequence 
coverages (Breitwieser et al. 2019; Yang et al. 2021). Of the 
bins thus obtained and curated, those that meet standards 
of genome quality become MAGs. With the advent of next-
generation sequencing technologies, a significant number 
of MAGs have been registered in public genome databases 
(Parks et al. 2017; Pasolli et al. 2020; Nayfach et al. 2021), 
with more than 60% of the total 65,703 genomes in the 
Genome taxonomy database being MAG origin (as of April 
2022) (Parks et al. 2022).

Currently, a variety of binning tools have been developed, 
each competing for classification accuracy in MAGs (Sczyrba 
et al. 2017; Wu et al. 2022). It is worth noting that different 

Fig. 1   Metagenomics (a) 
and single-cell genomics (b): 
two approaches for obtain-
ing genomes of uncultured 
microbes
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tools output different MAGs from the same raw metagenomic 
sequence data. As there is no definitive method for evaluating 
the validity of MAGs obtained from metagenomes in actual 
environmental samples, they are often utilized for analysis 
as long as they are not low-quality MAG. However, upon 
closer examination, MAGs often contain various genome 
sequences from different microbes and output as chimeric 
sequences (Shaiber and Eren 2019; Chen et al. 2020; Arikawa 
et al. 2021). Genome assemblies frequently generate errors 
with similar sequences across species, such as rRNA genes 
(Zhang et al. 2016). Binning also poses challenges in accu-
rately sorting exogenous genes, such as plasmids and phages 
(Maguire et al. 2020), into bins. Ribosomal protein genes are 
also likely to be absent from MAG (Mise and Iwasaki 2022). 
It has been reported that only about 7% of MAGs obtained 
from short-read sequencers contain 16S rRNA genes (Hiseni 
et al. 2021), which makes it challenging to correlate MAGs 
with the versatile 16S rRNA gene-based microbiome studies. 
In the future, long-read sequencers are expected to improve 
the accuracy of sequence assembly and facilitate the acquisi-
tion of near full-length MAGs (Bickhart et al. 2022), and the 
use of long-read sequencing technologies with PacBio (Feng 
et al. 2022; Kim et al. 2022) and Oxford Nanopore Technolo-
gies (Moss et al. 2020; Ciuffreda et al. 2021; Liu et al. 2022; 
Orellana et al. 2023) is becoming widespread. However, it has 
also been reported that the classification of contigs within the 
same microbial species or genus is difficult even with long-
read sequencing when the accuracy of base calling is low and 
that the classification of genome sequences of specific gut 
bacteria with many closely related species is difficult (Moss 
et al. 2020).

Examples of samples for which MAG recovery is chal-
lenging include those with a diverse array of microbes 
that do not yield sufficient reads for individual microbes, 
samples with many dissimilar microbes, and samples with 
large amounts of DNA from the host or external environ-
ment. Metagenomic sequences are typically obtained by 
sequencing randomly sampled DNA fragments, and consen-
sus sequences are generated by integrating the fragmented 
sequences through de novo assembly. It is important to note 
that MAG itself only shows representative population con-
sensus sequences of microbial genomes of the same species 
and genus and does not necessarily provide genomic infor-
mation about individual bacterial strains (Van Rossum et al. 
2020). Meanwhile, current metagenomic experiments are 
relatively easy to perform using commercial kits and public 
tools and are suitable for large sample analysis. Ideally, when 
DNA is extracted from environmental microbes with mini-
mal fragmentation and read on a long-read sequencer, the 
MAG that is close to the complete genome can be obtained. 
Thus, metagenomics is a powerful analytical approach when 
sufficient microbial DNA samples are available or when 
microbial diversity is relatively simple.

In single-cell genomics, individual microbial cells are 
selectively or randomly isolated from a population, lysed, and 
their genome amplified using whole genome amplification 
(WGA) techniques. The genomic information obtained from 
these single cells is then sequenced, producing SAGs that are 
theoretically free from contamination or admixture with other 
organisms. This approach offers several advantages, such as 
the ability to link bacterial core genes in their genomes to 
exogenous mobile genetic factors such as plasmids and phages, 
the recovery of conserved genes such as 16S rRNA genes, and 
other genes often missing in conventional MAGs (Arikawa 
et al. 2021; Ide et al. 2022b). SAGs are collected individually, 
so their data quality is not affected by sample diversity or the 
presence of closely related microbes. Single-cell genomics 
is particularly useful for decoding individual genomes from 
highly diverse microbial samples or rare target microbes, 
which is difficult in the metagenomic binning approach. Exam-
ples of its application include the analysis of bacteria visible to 
the naked eye (Volland et al. 2022), a comprehensive survey of 
marine bacteria in surface seawater (Pachiadaki et al. 2019), 
the identification of secondary metabolite producers from 
marine sponges (Wilson et al. 2014; Kogawa et al. 2022), the 
assessment of subspecies and intraspecific recombination in 
environmental bacterial species (Zaremba-Niedzwiedzka et al. 
2013; Kashtan et al. 2014), and the identification of gut bac-
teria that degrade soluble dietary fiber (Chijiiwa et al. 2020). 
Single-cell genomics provides previously inaccessible insights 
into microbial ecosystems and functions.

WGA is a critical step in generating sufficient amounts 
of DNA for subsequent genome sequencing. WGA meth-
ods include PCR-based methods, isothermal chain displace-
ment reaction-based methods, and hybrid methods of both 
(de Bourcy et al. 2014; Gonzalez-Pena et al. 2021; Sobol 
and Kaster 2023), but the most widely used is the isother-
mal DNA amplification method with multiple displacement 
amplification (MDA) (Dean et al. 2001; Nishikawa et al. 
2015). MDA amplifies DNA using phi29 polymerase and 
is characterized by its low error rate due to its exonucle-
ase proofreading activity. Some improvements have been 
attempted to increase the efficiency of single-cell genome 
amplification by using thermostable phi29 and post-ampli-
fication treatment (Zhang et al. 2006; Stepanauskas et al. 
2017). However, MDA-based amplified genomes often 
contain chimeric sequences, amplification products from 
contaminating DNA during the experimental process, and 
amplification bias. These factors prevent the assembly of con-
tiguous sequences and result in a large number of short, frag-
mented contigs. In addition, low-amplified regions created 
by amplification bias are prevented from being sequenced, 
creating gaps in the SAG. Therefore, despite some potential 
advantages of SAGs over MAGs, most SAGs are of low qual-
ity, and the genomic completeness of SAGs averages only 
40% or less of medium quality (Rinke et al. 2014).
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Technology to improve SAG acquisition 
efficiency

The success of single-cell genomics is highly dependent 
on the efficiency of cell isolation to prevent contamination 
and to provide a suitable environment for massively paral-
lel reactions. In recent technologies, single cells are often 
encapsulated in droplets generated by microfluidic devices 
for high throughput analysis. Single-cell analysis microflu-
idic systems for gene expression of mammalian cells are 
commercially available and have become an essential tool 
for single-cell analysis researches (Svensson et al. 2018). 
Meanwhile, we have developed methods for single-cell 
genomics of microbes using microfluidic devices (Nishikawa 
et al. 2015; Hosokawa et al. 2017; Chijiiwa et al. 2020).

In single-cell amplified genomes in gel beads sequenc-
ing (SAG-gel), a comprehensive technique for microbial 
single-cell genomics developed by the authors (Chijiiwa 
et al. 2020; Nishikawa et al. 2022), massively parallel single-
cell whole genome amplification is performed using pico-
liter volume droplets (Fig. 2a). Droplets are rapidly gener-
ated by shearing an agarose solution with carrier oil in a 

microfluidic channel. The agarose solution is pre-suspended 
with microbes diluted to less than one cell per droplet. The 
droplets are then collected in tubes and cooled to generate 
gel beads with a particle size of approximately 30 microns 
and trapping the microbes within the gel matrix. When the 
gel bead is immersed in a reagent, the trapped microbes are 
exposed to the reagent. Taking advantage of this property, 
104 to 106 gel beads can be collectively immersed in multiple 
reagents sequentially. In addition, because the gel beads can 
be collected and washed by centrifugation, multiple treat-
ments can be combined while removing reagent components 
that inhibit the next reaction. This feature allows a series of 
reactions from microbe lysis to whole genome amplification 
to be performed continuously within a single tube, which is 
expected to improve cell lysis efficiency. The gel capsule 
is an excellent environment for handling trace amounts of 
nucleic acids, as DNA can be purified by multi-step lysis in 
the gel and then transferred to genome amplification. This 
improves sequence quality even for Gram-positive bacte-
ria, which are difficult to lyse and present challenges for 
obtaining data with conventional lysis methods (Nishikawa 
et al. 2022). The gel capsule can also be aliquoted into a 
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Fig. 2   Schematic illustration of single-cell amplified genomes in 
gel beads sequencing (SAG-gel) and its applications. a  The basic 
workflow of SAG-gel. The SAG-gel system is adaptable to bacteria, 
archaea, and viruses fractionated from various types of microbial 

samples. b  PMA-SAG-gel obtains genomic information from viable 
cells by preventing genome amplification from dead cells. c Targeted 
gene detection by PCR after whole genome amplification helps the 
selection of amplified genomes of target cells
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multi-well plate using a cell sorter for long-term storage, 
and DNA indexes are attached to the amplified products and 
sequenced to obtain multiple SAGs comprehensively.

The advantage of SAG-gel over conventional single-cell 
genome sequencing techniques is the ability to obtain a 
large number of SAGs with superior completeness. Using 
this technology, a wide variety of SAGs have been obtained, 
including those from human commensals (intestinal (Chi-
jiiwa et al. 2020; Hosokawa et al. 2022; Kogawa et al. 2023), 
oral, and skin-associated (Arikawa et al. 2021; Ide et al. 
2022b)), coral/marine sponge commensals (Kogawa et al. 
2022; Ide et al. 2022a), insect commensals (Arai et al. 2023), 
soil/rhizosphere bacteria (Yoda et  al. 2020; Aoki et  al. 
2022), and river/marine bacteria. SAG-gel yields individual 
unknown microbial genomes even from samples contain-
ing a wide variety of microbes (including bacteria, archaea, 
and viruses) that are difficult to segregate by metagenomic 
analysis. This accumulation makes it possible to unravel 
the relationship between genes and genomes and to identify 
“which microbe is responsible for which function.” Even in 
samples with relatively low microbial diversity and a high 
degree of similarity, such as human commensal bacteria, it is 
possible to identify the genome of each bacterial strain and 
clarify the differences between similar but different bacte-
rial strains. However, it should be noted that SAG-gel is 
not currently compatible with all microbes. Microbes that 
cannot be encapsulated in a gel bead due to their cell sizes 
or shapes, such as filamentous actinomycetes and fungi, 
cannot be analyzed. Microbes with high GC% tend to have 
low genomic recovery due to the characteristics of genome 
amplification bias. In addition, genome recovery tends to be 
lower for microbes that are difficult to lyse enzymatically 
because cells in the gel beads cannot undergo a physical 
lysis process (Chijiiwa et al. 2020; Nishikawa et al. 2022). 
Therefore, it is important to combine our technology with 
conventional microbial isolation and metagenomic analysis.

Bioinformatic tools for improving SAG 
quality

Since MDA exponentially amply the tiny amount of sin-
gle-cell DNA, contaminating DNA, generation of chimeric 
reads, and amplification bias are the main causes which 
decrease the quality of SAGs. To address the issue of the 
accuracy of SAGs, we have also developed bioinformatics 
analysis tools. One such tool is ccSAG (cleaning and co-
assembly of the single-amplified genome) (Kogawa et al. 
2018), a method for removing chimeric sequences (Lasken 
and Stockwell 2007; Kiguchi et al. 2021), which are a unique 
problem in single-cell whole genome amplification and sub-
sequent genome sequencing (Fig. 3a). This method involves 
comparing and integrating multiple SAGs that are presumed 

to be from the same species or strains in silico and identi-
fying and eliminating sequences that do not overlap or are 
mapped to multi-distant loci. SAGs that are presumed to 
be from the same species are determined based on whole 
genome average nucleotide identity (ANI) and homology of 
marker genes. Since error sequences are detected by compar-
ing SAGs, this method can be applied to data from uncul-
tivated microbes for which no reference is available. The 
removal of chimeric sequences results in the elimination of 
sequence gaps and the integration of long contig sequences. 
In evaluations using E. coli, integrated six or more E. coli 
SAGs resulted in the same quality as those obtained by con-
ventional sequencing of the purified extracted DNA. When 
multiple SAGs of low completeness have been obtained, 
ccSAG is an effective method for creating virtually inte-
grated genomes with improved completeness of genomes.

The next analysis tool developed is SMAGLinker (Ari-
kawa et al. 2021), which leverages the strengths of both sin-
gle-cell genomics and metagenomics methods to construct 
draft genomes (Fig. 3b). This method performs metagen-
omic sequencing and single-cell genome sequencing on the 
same microbial sample as extracted DNA and suspended 
microbes, respectively. Then, the metagenomic contigs 
are paired using the SAG as a reference. The paired SAGs 
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Fig. 3   Bioinformatic tools for improving SAG quality. a  Clean-
ing and co-assembly of the single-amplified genome (ccSAG) inte-
grates multiple SAGs in silico while removing chimeric sequences. 
b SMAGLinker links sequencing data from single-cell genomics and 
metagenomics for the efficient construction of draft genomes
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and metagenomic contigs are integrated using the one with 
higher completeness as a scaffold, thus improving genomic 
completeness. Unpaired SAGs or metagenomic contigs 
are output as standalone SAGs or MAGs. This approach 
combines the strengths of MAGs, which have comprehen-
sive genomic information for microbial populations, with 
those of SAGs, which have high specificity for individual 
microbes, resulting in draft genomes that take advantage of 
all available genome sequencing data.

The effectiveness of SMAGLinker was evaluated using 
simulated samples containing 15 bacterial species, fecal-
derived enterobacteria, and skin commensal bacteria (Ari-
kawa et al. 2021). The results showed that SMAGLinker 
performed a more accurate sequence assignment than the 
metagenomics-alone approach and produced numerous high-
quality bacterial genomes with high completeness in all sam-
ples. In contrast, the metagenomics-alone approach of skin 
microbial sequencing yielded an MAG for Staphylococcus 
hominis that was contaminated with many gene sequences 
from other bacterial species and had a genome size far from 
the estimated value, suggesting that it contained many mis-
binned sequences. On the other hand, from the same skin 
swab sample, SMAGLinker yielded two appropriately sized 
staphylococcal strain genomes, each with a unique plasmid, 
indicating that they have different properties. SMAGLinker 
can be used to correct the failure of a metagenomics or sin-
gle-cell genomics analysis to produce the expected result or 
when the result is questionable. In addition, the quality and 
number of MAGs or SAGs can be improved by obtaining 
additional data to perform SMAGLinker, even from samples 
that have already been analyzed.

Methods for performing single‑cell genome 
sequencing with specific targets

In most single-cell genomics research, bacteria and other 
microbes are randomly isolated to obtain SAGs. This ran-
dom selection generally reflects the proportion of microbes 
present in the sample and can indicate the abundance of 
each microbe in the microbial ecosystem. However, since 
microbial research often focuses on microbes with specific 
functions or genes in microbial communities, there is a need 
for techniques that allow selective and detailed analysis of 
specific microbes. Here, we present three selective methods 
for single-cell genomics that we have developed.

The first approach is PMA-SAG-gel (Hosokawa 
et al. 2022), a technique for the specific analysis of the 
genome of living bacteria. Propidium monoazide (PMA) 
binds selectively to DNA in membrane-permeable dead 
cells and inhibits DNA amplification. By treating sam-
ples with PMA prior to introduction into the SAG-gel, 
single-cell genome sequencing can be performed in a 

viable cell-specific manner (Fig. 2b). PMA-SAG-gel was 
applied to human fecal samples and revealed the pres-
ence of bacterial strains with different viability, provid-
ing insight into species- and strain-level survival profiles 
in microbial populations. This technique will provide us 
with useful information for characterizing viable bacteria 
in specific environments, evaluating sample preparation 
conditions, and providing insight into the quality assess-
ment of viable bacterial preparations.

The second approach we have developed is the use of spe-
cific sequences, such as the 16S rRNA gene, to selectively 
detect the amplified genomes of target microbes (Fig. 2c) 
(Ide et al. 2022a). In this method, gel beads containing the 
amplified genomes are suspended in a PCR mixture con-
taining target-specific primers and probes, and the droplets 
are generated again. Then, PCR-based gene detection then 
allows selective genome sequencing of gel beads containing 
the target sequence. We have applied this targeted single-cell 
genomics method to coral commensal bacteria (Ide et al. 
2022a) and insect symbiotic bacteria (Arai et al. 2023) and 
obtained target bacterial genome sequences that were diffi-
cult to obtain by conventional metagenomics and single-cell 
genomics. This method can selectively capture SAGs even 
when the presence ratio of target bacteria is approximately 
1%, resulting in a 50-fold improvement in sequencing effi-
ciency over random sampling and a significant reduction in 
reagents and labor. The third approach uses long-read DNA 
sequencing with a single-cell amplified genome long-read 
assembly (scALA) workflow (Kogawa et al. 2023). In this 
workflow, after the DNA is amplified by SAG-gel, the gel 
beads are randomly sorted, and sequence reads are obtained 
using a short-read sequencer. Then, by focusing on the quali-
fied SAGs for the target species, long-read sequencing is 
also performed on the remaining amplified DNA. By using 
both short-read and long-read sequencers for selected SAGs, 
highly accurate genomic information can be obtained. In the 
application for human gut microbes, circular closed genomes 
were obtained using this workflow.

In conclusion, the experimental workflows presented 
here provide practical and comprehensive approaches 
for obtaining uncultured microbial genomes. These new 
techniques  overcome the challenges of microbial single-
cell genomics and can be used for highly accurate and 
specific collection of environmental microbial genomes. 
They improve the performance of single-cell genomics, 
such as throughput, accuracy, and selectivity, and provide 
genomic information with a high degree of confidence. 
The use of this technology enables a deeper understand-
ing of the phylogenetic and functional details of target 
bacteria at the strain level, thereby extending the knowl-
edge gained from conventional metagenomics approaches 
in microbiome research. Although most of the targets of 
single-cell genomics of microbes have been bacteria, 
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similar techniques have been used to obtain genomes from 
archaea (Aoki et al. 2022), fungi (Ahrendt et al. 2018), 
and microbial eukaryotes (Ciobanu et al. 2021; Gollnisch 
et al. 2023) and have also been applied to single-particle 
genome analysis of viruses (Allen et al. 2011; Martinez-
Hernandez et al. 2017). There are some challenges left 
for single-cell genomics of these microbes, including 
relatively large genome size and fragmented genomes; 
the application range of single-cell genomics is broaden-
ing. To date, microbiome research has focused mainly on 
discussions of the composition and balance of the micro-
bial flora and functional annotations based on known ref-
erence genomes of related species, but this technology 
has the potential to open a new avenue for microbiome 
research by obtaining strain-resolved microbial genomes. 
We anticipate that microbial single-cell genomics will be 
widely used in medical research to unravel the relation-
ship between various diseases and the human microbiome 
and in basic research to understand microbial evolution 
and its roles in the environment.

Acknowledgements  All figures were created with BioRender.com.

Author contribution  M.H. conceived and wrote this review article. 
Y.N. reviewed the manuscript and prepared the figures. All authors 
read and approved the final version of the manuscript.

Funding  The work was partly supported by MEXT/JSPS KAK-
ENHI 21H01733, JST FOREST JPMJFR210F, and JST ACT-X 
JPMJAX20BE.

Data availability  Not applicable.

Code of availability  Not applicable.

Declarations 

Ethical approval  Not applicable.

Consent to participate  Not applicable.

Consent for publication  Not applicable.

Competing interests  M.H. is a founder and shareholder of bitBiome, 
Inc., which provides single-cell genomics services using the SAG-gel 
workflow as bit-MAP. Y.N. declares that he has no conflicts of interest.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

Ahrendt SR, Quandt CA, Ciobanu D et al (2018) Leveraging single-
cell genomics to expand the fungal tree of life. Nat Microbiol 
3:1417–1428. https://​doi.​org/​10.​1038/​s41564-​018-​0261-0

Allen LZ, Ishoey T, Novotny MA et al (2011) Single virus genomics: 
a new tool for virus discovery. PLoS ONE 6:e17722. https://​doi.​
org/​10.​1371/​journ​al.​pone.​00177​22

Aoki W, Kogawa M, Matsuda S et al (2022) Massively parallel single-
cell genomics of microbiomes in rice paddies. Front Microbiol 
13:1024640. https://​doi.​org/​10.​3389/​fmicb.​2022.​10246​40

Arai H, Anbutsu H, Nishikawa Y et al (2023) Combined actions 
of bacteriophage-encoded genes in Wolbachia-induced male 
lethality. iScience 26:106842. https://​doi.​org/​10.​1016/j.​isci.​
2023.​106842

Arikawa K, Ide K, Kogawa M et al (2021) Recovery of strain-resolved 
genomes from human microbiome through an integration frame-
work of single-cell genomics and metagenomics. Microbiome 
9:202. https://​doi.​org/​10.​1186/​s40168-​021-​01152-4

Bickhart DM, Kolmogorov M, Tseng E et al (2022) Generating 
lineage-resolved, complete metagenome-assembled genomes 
from complex microbial communities. Nat Biotechnol 40:711–
719. https://​doi.​org/​10.​1038/​s41587-​021-​01130-z

Blainey PC (2013) The future is now: single-cell genomics of bacte-
ria and archaea. FEMS Microbiol Rev 37:407–427. https://​doi.​
org/​10.​1111/​1574-​6976.​12015

Blattman SB, Jiang W, Oikonomou P, Tavazoie S (2020) Prokaryotic 
single-cell RNA sequencing by in situ combinatorial indexing. 
Nat Microbiol. https://​doi.​org/​10.​1038/​s41564-​020-​0729-6

Bowers RM, Kyrpides NC, Stepanauskas R et al (2017) Minimum infor-
mation about a single amplified genome (MISAG) and a metage-
nome-assembled genome (MIMAG) of bacteria and archaea. Nat 
Biotechnol 35:725–731. https://​doi.​org/​10.​1038/​nbt.​3893

Breitwieser FP, Lu J, Salzberg SL (2019) A review of methods and 
databases for metagenomic classification and assembly. Brief 
Bioinform 20:1125–1136. https://​doi.​org/​10.​1093/​bib/​bbx120

Chen L-X, Anantharaman K, Shaiber A et al (2020) Accurate and 
complete genomes from metagenomes. Genome Res 30:315–
333. https://​doi.​org/​10.​1101/​gr.​258640.​119

Chijiiwa R, Hosokawa M, Kogawa M et al (2020) Single-cell genom-
ics of uncultured bacteria reveals dietary fiber responders in the 
mouse gut microbiota. Microbiome 8:5. https://​doi.​org/​10.​1186/​
s40168-​019-​0779-2

Ciobanu D, Clum A, Ahrendt S et al (2021) A single-cell genom-
ics pipeline for environmental microbial eukaryotes. iScience 
24:102290. https://​doi.​org/​10.​1016/j.​isci.​2021.​102290

Ciuffreda L, Rodríguez-Pérez H, Flores C (2021) Nanopore sequenc-
ing and its application to the study of microbial communities. 
Comput Struct Biotechnol J 19:1497–1511. https://​doi.​org/​10.​
1016/j.​csbj.​2021.​02.​020

de Bourcy CFA, De Vlaminck I, Kanbar JN et al (2014) A quanti-
tative comparison of single-cell whole genome amplification 
methods. PLoS ONE 9:e105585. https://​doi.​org/​10.​1371/​journ​
al.​pone.​01055​85

Dean FB, Nelson JR, Giesler TL, Lasken RS (2001) Rapid amplifica-
tion of plasmid and phage DNA using Phi 29 DNA polymerase 
and multiply-primed rolling circle amplification. Genome Res 
11:1095–1099. https://​doi.​org/​10.​1101/​gr.​180501

Feng X, Cheng H, Portik D, Li H (2022) Metagenome assembly 
of high-fidelity long reads with hifiasm-meta. Nat Methods 
19:671–674. https://​doi.​org/​10.​1038/​s41592-​022-​01478-3

Gawad C, Koh W, Quake SR (2016) Single-cell genome sequencing: 
current state of the science. Nat Rev Genet 17:175–188. https://​
doi.​org/​10.​1038/​nrg.​2015.​16

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1038/s41564-018-0261-0
https://doi.org/10.1371/journal.pone.0017722
https://doi.org/10.1371/journal.pone.0017722
https://doi.org/10.3389/fmicb.2022.1024640
https://doi.org/10.1016/j.isci.2023.106842
https://doi.org/10.1016/j.isci.2023.106842
https://doi.org/10.1186/s40168-021-01152-4
https://doi.org/10.1038/s41587-021-01130-z
https://doi.org/10.1111/1574-6976.12015
https://doi.org/10.1111/1574-6976.12015
https://doi.org/10.1038/s41564-020-0729-6
https://doi.org/10.1038/nbt.3893
https://doi.org/10.1093/bib/bbx120
https://doi.org/10.1101/gr.258640.119
https://doi.org/10.1186/s40168-019-0779-2
https://doi.org/10.1186/s40168-019-0779-2
https://doi.org/10.1016/j.isci.2021.102290
https://doi.org/10.1016/j.csbj.2021.02.020
https://doi.org/10.1016/j.csbj.2021.02.020
https://doi.org/10.1371/journal.pone.0105585
https://doi.org/10.1371/journal.pone.0105585
https://doi.org/10.1101/gr.180501
https://doi.org/10.1038/s41592-022-01478-3
https://doi.org/10.1038/nrg.2015.16
https://doi.org/10.1038/nrg.2015.16


76	 Biophysical Reviews (2024) 16:69–77

1 3

Gollnisch R, Wallenius J, Gribble KE et al (2023) SAG-RAD: a 
method for single-cell population genomics of unicellular eukary-
otes. Mol Biol Evol 40. https://​doi.​org/​10.​1093/​molbev/​msad0​95

Gonzalez-Pena V, Natarajan S, Xia Y et al (2021) Accurate genomic 
variant detection in single cells with primary template-directed 
amplification. Proc Natl Acad Sci USA 118:e2024176118. https://​
doi.​org/​10.​1073/​pnas.​20241​76118

Hiseni P, Snipen L, Wilson RC et al (2021) Questioning the quality of 
16S rRNA gene sequences derived from human gut metagenome-
assembled genomes. Front Microbiol 12:822301. https://​doi.​org/​
10.​3389/​fmicb.​2021.​822301

Hosokawa M, Endoh T, Kamata K et al (2022) Strain-level profil-
ing of viable microbial community by selective single-cell 
genome sequencing. Sci Rep 12:1–12. https://​doi.​org/​10.​1038/​
s41598-​022-​08401-y

Hosokawa M, Nishikawa Y, Kogawa M, Takeyama H (2017) Massively 
parallel whole genome amplification for single-cell sequencing 
using droplet microfluidics. Sci Rep 7:5199. https://​doi.​org/​10.​
1038/​s41598-​017-​05436-4

Ide K, Nishikawa Y, Maruyama T et al (2022a) Targeted single-cell 
genomics reveals novel host adaptation strategies of the symbiotic 
bacteria Endozoicomonas in Acropora tenuis coral. Microbiome 
10:220. https://​doi.​org/​10.​1186/​s40168-​022-​01395-9

Ide K, Saeki T, Arikawa K et al (2022b) Exploring strain diversity of 
dominant human skin bacterial species using single-cell genome 
sequencing. Front Microbiol 13:955404. https://​doi.​org/​10.​3389/​
fmicb.​2022.​955404

Kashtan N, Roggensack SE, Rodrigue S et al (2014) Single-cell genomics 
reveals hundreds of coexisting subpopulations in wild Prochlorococ-
cus. Science 344:416–420. https://​doi.​org/​10.​1126/​scien​ce.​12485​75

Kiguchi Y, Nishijima S, Kumar N et al (2021) Long-read metagenomics 
of multiple displacement amplified DNA of low-biomass human gut 
phageomes by SACRA pre-processing chimeric reads. DNA Res 28. 
https://​doi.​org/​10.​1093/​dnares/​dsab0​19

Kim CY, Ma J, Lee I (2022) HiFi metagenomic sequencing ena-
bles assembly of accurate and complete genomes from human 
gut microbiota. Nat Commun 13:6367. https://​doi.​org/​10.​1038/​
s41467-​022-​34149-0

Kogawa M, Hosokawa M, Nishikawa Y et al (2018) Obtaining high-
quality draft genomes from uncultured microbes by cleaning and co-
assembly of single-cell amplified genomes. Sci Rep 8:2059. https://​
doi.​org/​10.​1038/​s41598-​018-​20384-3

Kogawa M, Miyaoka R, Hemmerling F et al (2022) Single-cell metabo-
lite detection and genomics reveals uncultivated talented producer. 
PNAS Nexus 1. https://​doi.​org/​10.​1093/​pnasn​exus/​pgab0​07

Kogawa M, Nishikawa Y, Saeki T et al (2023) Revealing within-species 
diversity in uncultured human gut bacteria with single-cell long-read 
sequencing. Front Microbiol 14:1133917. https://​doi.​org/​10.​3389/​
fmicb.​2023.​11339​17

Kuchina A, Brettner LM, Paleologu L et al (2020) Microbial single-cell 
RNA sequencing by split-pool barcoding. Science. https://​doi.​org/​
10.​1126/​scien​ce.​aba52​57

Lasken RS, Stockwell TB (2007) Mechanism of chimera formation dur-
ing the multiple displacement amplification reaction. BMC Biotech-
nol 7:19. https://​doi.​org/​10.​1186/​1472-​6750-7-​19

Liu L, Yang Y, Deng Y, Zhang T (2022) Nanopore long-read-only 
metagenomics enables complete and high-quality genome recon-
struction from mock and complex metagenomes. Microbiome 
10:209. https://​doi.​org/​10.​1186/​s40168-​022-​01415-8

Maguire F, Jia B, Gray KL et al (2020) Metagenome-assembled genome 
binning methods with short reads disproportionately fail for plas-
mids and genomic Islands. Microb Genom 6. https://​doi.​org/​10.​
1099/​mgen.0.​000436

Martinez-Hernandez F, Fornas O, Lluesma Gomez M et al (2017) Single-
virus genomics reveals hidden cosmopolitan and abundant viruses. 
Nat Commun 8:15892. https://​doi.​org/​10.​1038/​ncomm​s15892

Mise K, Iwasaki W (2022) Unexpected absence of ribosomal protein 
genes from metagenome-assembled genomes. ISME Commun 2. 
https://​doi.​org/​10.​1038/​s43705-​022-​00204-6

Moss EL, Maghini DG, Bhatt AS (2020) Complete, closed bacterial 
genomes from microbiomes using nanopore sequencing. Nat Bio-
technol 38:701–707. https://​doi.​org/​10.​1038/​s41587-​020-​0422-6

Nayfach S, Roux S, Seshadri R et al (2021) A genomic catalog of Earth’s 
microbiomes. Nat Biotechnol 39:499–509. https://​doi.​org/​10.​1038/​
s41587-​020-​0718-6

Nishikawa Y, Hosokawa M, Maruyama T et al (2015) Monodisperse pico-
liter droplets for low-bias and contamination-free reactions in single-
cell whole genome amplification. PLoS ONE 10:e0138733. https://​
doi.​org/​10.​1371/​journ​al.​pone.​01387​33

Nishikawa Y, Kogawa M, Hosokawa M et al (2022) Validation of the 
application of gel beads-based single-cell genome sequencing plat-
form to soil and seawater. ISME Commun 2:92. https://​doi.​org/​10.​
1038/​s43705-​022-​00179-4

Orellana LH, Krüger K, Sidhu C, Amann R (2023) Comparing genomes 
recovered from time-series metagenomes using long- and short-read 
sequencing technologies. Microbiome 11:105. https://​doi.​org/​10.​
1186/​s40168-​023-​01557-3

Pachiadaki MG, Brown JM, Brown J et al (2019) Charting the complex-
ity of the marine microbiome through single-cell genomics. Cell 
179:1623–1635.e11. https://​doi.​org/​10.​1016/j.​cell.​2019.​11.​017

Parks DH, Chuvochina M, Rinke C et al (2022) GTDB: an ongoing cen-
sus of bacterial and archaeal diversity through a phylogenetically 
consistent, rank normalized and complete genome-based taxonomy. 
Nucleic Acids Res 50:D785–D794. https://​doi.​org/​10.​1093/​nar/​
gkab7​76

Parks DH, Imelfort M, Skennerton CT et al (2015) CheckM: assessing the 
quality of microbial genomes recovered from isolates, single cells, 
and metagenomes. Genome Res 25:1043–1055. https://​doi.​org/​10.​
1101/​gr.​186072.​114

Parks DH, Rinke C, Chuvochina M et al (2017) Recovery of nearly 
8,000 metagenome-assembled genomes substantially expands the 
tree of life. Nat Microbiol 2:1533–1542. https://​doi.​org/​10.​1038/​
s41564-​017-​0012-7

Pasolli E, De Filippis F, Mauriello IE et al (2020) Large-scale genome-
wide analysis links lactic acid bacteria from food with the gut 
microbiome. Nat Commun 11:2610.  https://​doi.​org/​10.​1038/​
s41467-​020-​16438-8

Rinke C, Lee J, Nath N et al (2014) Obtaining genomes from unculti-
vated environmental microorganisms using FACS-based single-cell 
genomics. Nat Protoc 9:1038–1048. https://​doi.​org/​10.​1038/​nprot.​
2014.​067

Sangwan N, Xia F, Gilbert JA (2016) Recovering complete and draft 
population genomes from metagenome datasets. Microbiome 
4:8. https://​doi.​org/​10.​1186/​s40168-​016-​0154-5

Sczyrba A, Hofmann P, Belmann P et al (2017) Critical assessment of 
metagenome interpretation – a benchmark of metagenomics soft-
ware. Nat Methods 14:1063–1071. https://​doi.​org/​10.​1038/​nmeth.​
4458

Shaiber A, Eren AM (2019) Composite metagenome-assembled 
genomes reduce the quality of public genome repositories. Mbio 
10:e00725-e819. https://​doi.​org/​10.​1128/​mbio.​00725-​19

Sobol MS, Kaster A-K (2023) Back to basics: a simplified improvement 
to multiple displacement amplification for microbial single-cell 
genomics. Int J Mol Sci 24:4270. https://​doi.​org/​10.​3390/​ijms2​
40542​70

Stepanauskas R, Fergusson EA, Brown J et al (2017) Improved genome 
recovery and integrated cell-size analyses of individual uncultured 
microbial cells and viral particles. Nat Commun 8:1–10. https://​doi.​
org/​10.​1038/​s41467-​017-​00128-z

Svensson V, Vento-Tormo R, Teichmann SA (2018) Exponential scal-
ing of single-cell RNA-seq in the past decade. Nat Protoc 13:599–
604. https://​doi.​org/​10.​1038/​nprot.​2017.​149

https://doi.org/10.1093/molbev/msad095
https://doi.org/10.1073/pnas.2024176118
https://doi.org/10.1073/pnas.2024176118
https://doi.org/10.3389/fmicb.2021.822301
https://doi.org/10.3389/fmicb.2021.822301
https://doi.org/10.1038/s41598-022-08401-y
https://doi.org/10.1038/s41598-022-08401-y
https://doi.org/10.1038/s41598-017-05436-4
https://doi.org/10.1038/s41598-017-05436-4
https://doi.org/10.1186/s40168-022-01395-9
https://doi.org/10.3389/fmicb.2022.955404
https://doi.org/10.3389/fmicb.2022.955404
https://doi.org/10.1126/science.1248575
https://doi.org/10.1093/dnares/dsab019
https://doi.org/10.1038/s41467-022-34149-0
https://doi.org/10.1038/s41467-022-34149-0
https://doi.org/10.1038/s41598-018-20384-3
https://doi.org/10.1038/s41598-018-20384-3
https://doi.org/10.1093/pnasnexus/pgab007
https://doi.org/10.3389/fmicb.2023.1133917
https://doi.org/10.3389/fmicb.2023.1133917
https://doi.org/10.1126/science.aba5257
https://doi.org/10.1126/science.aba5257
https://doi.org/10.1186/1472-6750-7-19
https://doi.org/10.1186/s40168-022-01415-8
https://doi.org/10.1099/mgen.0.000436
https://doi.org/10.1099/mgen.0.000436
https://doi.org/10.1038/ncomms15892
https://doi.org/10.1038/s43705-022-00204-6
https://doi.org/10.1038/s41587-020-0422-6
https://doi.org/10.1038/s41587-020-0718-6
https://doi.org/10.1038/s41587-020-0718-6
https://doi.org/10.1371/journal.pone.0138733
https://doi.org/10.1371/journal.pone.0138733
https://doi.org/10.1038/s43705-022-00179-4
https://doi.org/10.1038/s43705-022-00179-4
https://doi.org/10.1186/s40168-023-01557-3
https://doi.org/10.1186/s40168-023-01557-3
https://doi.org/10.1016/j.cell.2019.11.017
https://doi.org/10.1093/nar/gkab776
https://doi.org/10.1093/nar/gkab776
https://doi.org/10.1101/gr.186072.114
https://doi.org/10.1101/gr.186072.114
https://doi.org/10.1038/s41564-017-0012-7
https://doi.org/10.1038/s41564-017-0012-7
https://doi.org/10.1038/s41467-020-16438-8
https://doi.org/10.1038/s41467-020-16438-8
https://doi.org/10.1038/nprot.2014.067
https://doi.org/10.1038/nprot.2014.067
https://doi.org/10.1186/s40168-016-0154-5
https://doi.org/10.1038/nmeth.4458
https://doi.org/10.1038/nmeth.4458
https://doi.org/10.1128/mbio.00725-19
https://doi.org/10.3390/ijms24054270
https://doi.org/10.3390/ijms24054270
https://doi.org/10.1038/s41467-017-00128-z
https://doi.org/10.1038/s41467-017-00128-z
https://doi.org/10.1038/nprot.2017.149


77Biophysical Reviews (2024) 16:69–77	

1 3

Tang F, Barbacioru C, Wang Y et al (2009) mRNA-Seq whole-transcrip-
tome analysis of a single cell. Nat Methods 6:377–382. https://​doi.​
org/​10.​1038/​nmeth.​1315

Van Rossum T, Ferretti P, Maistrenko OM, Bork P (2020) Diver-
sity within species: interpreting strains in microbiomes. 
Nat Rev Microbiol 18:491–506.  https://​doi.​org/​10.​1038/​
s41579-​020-​0368-1

Volland J-M, Gonzalez-Rizzo S, Gros O et al (2022) A centimeter-long 
bacterium with DNA contained in metabolically active, membrane-
bound organelles. Science 376:1453–1458. https://​doi.​org/​10.​1126/​
scien​ce.​abb36​34

Wilson MC, Mori T, Rückert C et al (2014) An environmental bacterial 
taxon with a large and distinct metabolic repertoire. Nature 506:58–
62. https://​doi.​org/​10.​1038/​natur​e12959

Woyke T, Doud DFR, Schulz F (2017) The trajectory of microbial sin-
gle-cell sequencing. Nat Methods 14:1045–1054. https://​doi.​org/​10.​
1038/​nmeth.​4469

Wu Z, Wang Y, Zeng J, Zhou Y (2022) Constructing metagenome-
assembled genomes for almost all components in a real bacte-
rial consortium for binning benchmarking. BMC Genomics 
23:746. https://​doi.​org/​10.​1186/​s12864-​022-​08967-x

Yang C, Chowdhury D, Zhang Z et al (2021) A review of computa-
tional tools for generating metagenome-assembled genomes 
from metagenomic sequencing data. Comput Struct Biotechnol J 
19:6301–6314. https://​doi.​org/​10.​1016/j.​csbj.​2021.​11.​028

Yoda T, Arikawa K, Saeki T et al (2020) High-quality draft single-cell 
genome sequences of two gammaproteobacteria strains sampled 
from soil in a strawberry farm. Microbiol Resour Announc 9. https://​
doi.​org/​10.​1128/​MRA.​00743-​20

Zaremba-Niedzwiedzka K, Viklund J, Zhao W et al (2013) Single-cell 
genomics reveal low recombination frequencies in freshwater bac-
teria of the SAR11 clade. Genome Biol 14:R130. https://​doi.​org/​10.​
1186/​gb-​2013-​14-​11-​r130

Zhang K, Martiny AC, Reppas NB et al (2006) Sequencing genomes 
from single cells by polymerase cloning. Nat Biotechnol 24:680–
686. https://​doi.​org/​10.​1038/​nbt12​14

Zhang Y, Ji P, Wang J, Zhao F (2016) RiboFR-Seq: a novel approach to 
linking 16S rRNA amplicon profiles to metagenomes. Nucleic Acids 
Res 44:e99–e99. https://​doi.​org/​10.​1093/​nar/​gkw165

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1038/nmeth.1315
https://doi.org/10.1038/nmeth.1315
https://doi.org/10.1038/s41579-020-0368-1
https://doi.org/10.1038/s41579-020-0368-1
https://doi.org/10.1126/science.abb3634
https://doi.org/10.1126/science.abb3634
https://doi.org/10.1038/nature12959
https://doi.org/10.1038/nmeth.4469
https://doi.org/10.1038/nmeth.4469
https://doi.org/10.1186/s12864-022-08967-x
https://doi.org/10.1016/j.csbj.2021.11.028
https://doi.org/10.1128/MRA.00743-20
https://doi.org/10.1128/MRA.00743-20
https://doi.org/10.1186/gb-2013-14-11-r130
https://doi.org/10.1186/gb-2013-14-11-r130
https://doi.org/10.1038/nbt1214
https://doi.org/10.1093/nar/gkw165

	Tools for microbial single-cell genomics for obtaining uncultured microbial genomes
	Abstract
	Approaches for obtaining uncultured microbial genomes
	Technology to improve SAG acquisition efficiency
	Bioinformatic tools for improving SAG quality
	Methods for performing single-cell genome sequencing with specific targets
	Acknowledgements 
	References


