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Abstract

High-throughput metagenomic sequencing is considered one of the main technologies fostering the development of micro-
bial ecology. Widely used second-generation sequencers have enabled the analysis of extremely diverse microbial commu-
nities, the discovery of novel gene functions, and the comprehension of the metabolic interconnections established among

microbial consortia. However, the high cost of the sequencers and the complexity of library preparation and sequencing
protocols still hamper the application of metagenomic sequencing in a vast range of real-life applications. In this context,
the emergence of portable, third-generation sequencers is becoming a popular alternative for the rapid analysis of microbial
communities in particular scenarios, due to their low cost, simplicity of operation, and rapid yield of results. This review
discusses the main applications of real-time, in situ metagenomic sequencing developed to date, highlighting the relevance
of this technology in current challenges (such as the management of global pathogen outbreaks) and in the next future of

industry and clinical diagnosis.
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Introduction

For many years, culture-dependent approaches were the only
tools available for the study of microorganisms, although the
vast majority of microbial species (>99%) cannot be cultivated
[1]. This limitation lasted until the development of molecular
techniques, such as the automation of Sanger sequencing [2],
molecular markers [3], cloning [4], or fluorescence in situ hybrid-
ization [5], among many others. However, these molecular tech-
niques presented other weaknesses, like the inability to access
low-abundance microorganisms, generating a bias towards the
most abundant taxa.

The term metagenomics was proposed in the 1990s [6] to de-
fine the set of genomes that could be found in a given environ-
ment. The fundamental aim of metagenomics is the study of

microorganisms in the context of their community by means of
sequencing genomic fragments from the entire microbiome si-
multaneously. Nevertheless, this goal can be partially accom-
plished by sequencing marker genes, even though this
approach should not be considered as true metagenomics [7]. In
marker-gene studies, generic, relatively universal primers are
used to amplify a fragment of a given gene through polymerase
chain reaction (PCR) (e.g. 16S rRNA for bacteria/archaea, 185/ITS
for fungi) from all genomes present in a given sample, and the
resulting pool of amplicons is sequenced. Next, the sequences
are clustered into operational taxonomic units (OTUs), each
OTU is taxonomically identified, and compared across samples.
Traditionally, OTUs were constructed by grouping sequences
according to a defined similarity threshold (typically 97%).
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However, OTUs are being replaced by amplicon sequence var-
iants, which group sequences that are completely identical [8].
While fast and inexpensive, this method does not give any in-
formation on the hundreds of thousands of functional genes
encoded by other parts of the (meta)genomes as these remain
unsequenced. Whole-genome sequencing (WGS)—or shotgun—
metagenomics can offer an alternative and complementary
method since it is based on the application of sequencing tech-
niques to the entirety of the genomic material in the micro-
biome of an environmental sample. Sequencing the genomes of
all microorganisms can provide information about the diversity
of functional genes, and allow the assignment of each metabolic
function to specific taxa, to identify novel genes or proteins so
far unknown, and to assemble genomes in order to study evolu-
tionary relationships.

The number of metagenomic studies has dramatically in-
creased in the last years, mainly due to the emergence of high-
throughput sequencing technologies and the development of
bioinformatic tools that facilitate the assembly of data and the
assignment of sequences through a process called binning [9].
The binning process consists of grouping assembled sequences
(contigs) into discrete units (bins), which ideally represent draft
genomes of individual microorganisms [10]. Overall, both high-
throughput sequencing and bioinformatics have proven power-
ful tools that have generated, at a relatively low cost, a huge
amount of genetic information [11].

High-throughput sequencing technologies can be divided
into second- and third-generation ones. Two of the most
widely used second-generation sequencing (SGS) technologies
are [llumina and Ion Torrent. Albeit both techniques are
based on sequence-by-synthesis, they have methodological
differences. In Illumina sequencers, short DNA fragments are
attached to a glass slide or micro-well and amplified to produce
clusters. Fluorescence-labelled nucleotides are then washed
across the flowcell and are incorporated to the complementary
DNA sequence of the clustered fragment. Then,
fluorescence from the incorporated nucleotides is detected, re-
vealing the DNA sequence. On the other hand, Ion Torrent is
based on the use of semiconductor materials that detect the
release of H' protons while the DNA molecule is synthesized
[12, 13].

Third-generation sequencing (TGS), also known as long-read
sequencing, is based on single-molecule sequencing, which
speeds up the sequencing process. This technology is currently
under active development and includes platforms such as Pacific
Biosciences (PacBio) or Oxford Nanopore Technologies (ONT).
PacBio is based on single-molecule, real-time sequencing tech-
nology. An engineered DNA polymerase is attached to a single
strand of DNA, and these are placed into micro-wells called Zero
Mode Waveguides (ZMWs) [14]. During polymerization, the incor-
porated phospholinked nucleotides carry a fluorescent tag (dif-
ferent for each nucleotide) on their terminal phosphate. The tag
is excited and emits light which is captured by a sensitive detec-
tor (through a powerful optical system). Eventually, the fluores-
cent label is cleaved off and the polymerization complex is then
ready to extend the strand [15]. On the other hand, in ONT, a
single-strand of DNA passes through a protein nanopore, result-
ing in changes in the electric current that can be measured. The
DNA polymer complex consists of double-stranded DNA and an
enzyme that unwinds the double-strand and passes the single-
stranded DNA through the nanopore. As the DNA bases pass
through the pore, there is a detectable disruption in the electric
current, and this allows the identification of the bases on the
DNA strand [16, 17].

Three substantial improvements have been made in TGS
technologies with regard to SGS:

1. Increase in read length. While the SGS technologies produce
many millions of short reads (150-400bp), TGS typically pro-
duce much longer reads (6-20kb)—without theoretical
length limit for ONT—albeit far fewer reads per run (typi-
cally hundreds of thousands). Short reads produced by SGS
lead to highly fragmented assemblies when it comes to de
novo assembly of larger genomes because of difficulties in re-
solving repetitive sequences in the genome.

2. Reduction of sequencing time (from days to hours or even
minutes for real-time applications). While major SGS plat-
forms use sequencing by synthesis technologies, TGS tech-
nologies directly target single DNA molecules, and in the
case of ONT platforms, reads are available for analysis as
soon as they have passed through the sequencer.

3. Reduction or elimination of sequencing biases introduced by
PCR amplification [18]. Despite this improvement, TGS tech-
nologies have high systematic error rates (~5-15%) unlike
SGS technologies (<1%) [19]. Nevertheless, the accuracy of
TGS can improve up to 99.9% in consensus sequences
thanks to recent software developments [20].

In 2014, ONT released the MinION sequencing system which,
unlike the bulk sequencing installations needed for the other
technologies, is a palm-sized device producing long reads in
real-time. When launched, the MinION read length was ~6-8kb
[21, 22]; however, lab protocols enabling the obtention of longer
sequences (>100kb) have been reported [23]. MinION is the
smallest sequencing device currently available (10x3x2cm
and weighing just 90g). It is inexpensive (less than €1000) in
comparison with PacBio (more than €100 000), allowing labora-
tories with few economic resources to be able to access this
technology. It can be directly plugged into a standard USB3 port
on a computer with a simple configuration. Specifically, a com-
puter with a solid-state drive, >8 GB of RAM, and >128GB of
hard disk space can be used for sequencing. The sequencer peri-
odically outputs a group of reads in the form of raw current sig-
nals, which are then base-called on a laptop or on an ultra-
portable ONT’s MinIT. Furthermore, sequence analyses (such as
sequence alignment and genome polishing) can be performed
on a mobile phone [24]. Therefore, the ultra-portability, afford-
ability, and speed in data production make the MinION technol-
ogy suitable for real-time sequencing in a variety of
environments, such as Ebola surveillance in West Africa during
the last outbreak [25], microbial communities inspection in the
Arctic [26], DNA sequencing on the International Space Station
(ISS) [27], and even the recently emerging pandemic coronavirus
SARS-CoV-2 [28, 29]. This review describes a range of applica-
tions in which having portable, low-cost, fast, and robust tech-
nologies allowing an in situ analysis of samples is key to address
important challenges.

Portable sequencing in natural environments

Exploring the microbial diversity of natural environments via
DNA sequencing techniques has become a routine in the last
decade. Long-scale studies like the Earth Microbiome Project
have led to the massive characterization of microbial popula-
tions inhabiting different environments on our planet [30].
Moreover, metagenomic sequencing has proved to be very use-
ful for a wide range of applications such as recovering new
genomes from unculturable organisms, mining microbial
enzymes with potential applications in the industry, or
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discovering new biosynthetic gene clusters [31-33]. These stud-
ies have typically relied on next-generation sequencing plat-
forms like Illumina, which usually requires shipping samples to
a centralized sequencing facility. Nevertheless, biodiversity as-
sessment studies are usually carried out in remote locations
with limited access to DNA sequencing services, forcing scien-
tists to design-intensive sampling expeditions and returning to
their home institutions to perform the sequencing and the data
analysis.

ONT sequencers have emerged as an alternative to these tra-
ditional approaches, allowing the creation of mobile, in-field
laboratories. Figure 1 depicts a general workflow for the metage-
nomic analysis of samples using adapted protocols and a
MinION device. Pomerantz et al. [34] and Menegon et al. [35]
designed portable laboratories that included thermocyclers and
centrifuges powered by external batteries, and a MinION device
connected to a laptop to perform in situ DNA sequencing. Both
works were not focused on metagenomic applications, but on
evaluating the taxonomic identity of different animal speci-
mens (reptiles and amphibians) via targeted sequencing of the
16S rRNA gene or other mitochondrial genes. However, the ap-
plied methodologies and lab configurations could be easily
adapted to perform metataxonomic approaches relying on the
amplification and massive sequencing of marker genes.

The feasibility of MinION-based metagenomic sequencing
protocols has been specially tested in extremely cold environ-
ments. Edwards et al. [36] reported for the first time the use of
mobile laboratories for the in situ characterization of the micro-
biota of a High Arctic glacier. They were able to adapt the widely
used PowerSoil DNA Isolation kit (MoBio, Inc.) for its in-field
use, and to perform the data analysis either online and offline.
The report included new results from in situ metagenomics and
16S rRNA sequencing of different glaciers samples, and a bench-
marking of the performance of in-field sequencing protocols by
using mock communities as well as real samples. In the latter
case, they compared the resulting taxonomic profiles with the
microbial composition assessed by SGS platforms, describing
strongly positive Pearson correlations at the phylum level
Goordial et al. [26] were also able to perform in situ MinION se-
quencing in the McGill Arctic Research Station. In this case, a
permafrost sample was analysed using two different library
preparation kits on the same extracted DNA. A similar percent-
age of Bacteria and Archaea was detected using both kits, but
differences in the relative abundance of viruses and eukaryotic
organisms were noted. The taxonomic profile of the same per-
mafrost sample was also obtained by means of 16S rRNA
[llumina sequencing. Notably, similar taxonomic groups were
identified in all the cases at the phylum level, although relative
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Figure 1: Schematic representation of an in situ metagenomics workflow for the
analysis of environmental and clinical samples.

abundances varied among the different methodologies. In a
parallel work, Johnson et al. [37] used portable field techniques
to isolate DNA from desiccated microbial mats collected in the
Antarctic Dry Valleys, construct metagenomic libraries, and se-
quence the samples outdoors (Taylor Valley;
Temperature=-1°C) and in the McMurdo Station (Room
Temperature , RT). Longer reads were achieved by sequencing
at RT, but average and median read length did not depend on
ambient temperature. The study also reported that cold temper-
atures (4°C) reduced the quality of the generated sequences,
even when working with high-quality DNA (Lambda Phage).
Finally, Gowers et al. [38] designed and transported a miniatur-
ized lab across Europe’s largest ice cap (Vatnajokull, Iceland) by
ski and sledge. They adapted DNA extraction and sequencing
protocols to be performed in a tent during the expedition, using
solar energy and external batteries to power the hardware.
Offline basecalling was achieved in situ by using Guppy (Oxford
Nanopore, Oxford, UK), but the metagenomic data analysis
could not be carried out due to code errors while running the lo-
cal version of Kaiju [39].

In addition to cold environments, ONT sequencers have
been also applied for sequencing a biofilm sample at a depth of
100m within a Welsh coal mine [40]. This work presented the
‘MetageNomad’, a suite of off-the-shelf tools for metagenomic
sequencing in remote areas using battery-powered equipment.
The authors were able to perform the data analysis in situ by us-
ing Centrifuge [41] and a local database for characterizing the
microbial composition of the sample.

Interestingly, MinION devices have allowed DNA sequencing
off the Earth. A first study from Castro-Wallace et al. [27] com-
pared the performance of nanopore sequencing in the ISS with
experiments carried out on Ground Control, obtaining similar
results. As a proof-of-concept, the authors used equimolar mix-
tures of genomic DNA from lambda bacteriophage, Escherichia
coli (strain K12, MG1655) and Mus musculus (female BALB/c
mouse) for the metagenomic sequencing. Data analysis could
not be carried out at the ISS because of the lack of a laptop with
the necessary tools installed, but it was demonstrated on the
ground that sequencing analysis and microbial identification
are completely feasible aboard the ISS. Recently, Burton et al.
[42] have reported that the preparation and sequencing of 16S
rRNA libraries are also achievable at the ISS. Specifically, the
ZymoBIOMICS Microbial Community DNA Standard (Zymo
Research) was used as the input DNA. Again, the results were
comparable to the microbial profiles obtained on Earth.
Remarkably, Carr et al. [43] determined that ONT sequencers
performed consistently in reduced gravity environments, which
would allow the use of nanopore sequencing in space expedi-
tions to Mars or icy moons.

Although the viability of nanopore sequencing has been
widely demonstrated even under extremely harsh conditions,
the vast majority of the studies resulted in reduced yield com-
pared to current MinION’s metagenomic output (Table 1), which
could reach up to 27 Gbp using a single flowcell [48] . This high-
lights the need to optimize in-field protocols in order to maxi-
mize the use of sequencing resources and reduce the price per
sample, which is a key factor in some applications. Recently, a
work from Urban et al. [44] studied the microbial communities
present in the surface water of Cam River (Cambridge). All the
protocols were carried out in the lab, and the authors were able
to achieve up to ~5.5M 16S rRNA full-length sequences with ex-
clusive barcode assignments in a single MinION run. Other
groups have used MinION devices for characterizing river water
[45], seawater [46], and marine sediments [47] through
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metagenomic sequencing. Even though these experiments were
not implemented in the field, they demonstrated the possibility
of obtaining higher sequencing yields (Table 1). The described
outputs are compatible with more ambitious metagenomic
analyses, such as the de novo recovery of single genomes di-
rectly from complex environmental samples. For that reason,
the adaptation of sequencing protocols to field conditions is still
to be further optimized.

Supporting microbiome-driven industrial
processes

Microbiology has been present in the industry for centuries. In
fact, human beings already used microorganisms for their own
benefits long before they even knew that microscopic life
existed. Nowadays, most of the microbiome-driven industrial
processes are still not completely understood. Metagenomic se-
quencing has been widely applied in order to shed light on the
microbial and metabolic transitions occurring on these indus-
trial transformations. Some examples include the investigation
of the link between microorganisms and their key roles or prev-
alence in microbial-based food products [49, 50]; the interaction
of plants and root-associated bacteria for enhancing plant min-
eral nutrition [51]; or the description of the adverse effects of in-
dustrial subproducts used as soil fertilizers [52].

ONT portable sequencers are not only a valuable tool for
characterizing industrial microbiomes, but for detecting and
monitoring crucial microorganisms in real time (Fig. 2).
Hardegen et al. [S3] used full-length 16S rRNA sequencing for
analysing changes in the archaeal community present in anaer-
obic digesters operating under different conditions. Higher pro-
portions of Methanosarcina spp. were detected in the reactors
achieving elevated biogas production. Although the sequencing
was not carried out in situ, the suitability of MinION for monitor-
ing and evaluating an industrial process through a microbial
marker was demonstrated. Bacteriomes involved in the biogas
production have been also studied through nanopore sequenc-
ing [54, 55], producing results which could be coupled with the
Lotka-Volterra model for analysing the microbial interactions
occurring in the reactor [56].

Water quality and wastewater management is another area
of great interest for microbial monitoring. In fact, it has been
proposed that sewage could serve for tracking infectious agents
excreted in urine or faeces, such as SARS-CoV-2 [57]. In this par-
ticular context, the in situ and real-time assessment of patho-
genic microorganisms by means of MinION sequencing would
be especially advantageous. Hu et al. [S8] reported correlations
between E. coli culturing counts and the proportion of nanopore
reads mapping a comprehensive human gut microbiota gene
dataset, highlighting the potential use of this molecular tech-
nique as an indicator of faecal contamination. ONT metage-
nomic sequencing results were similar to those obtained with
Mlumina 16S rRNA sequencing, but a reduced time was achieved
using MinION. Nanopore sequencing could be also employed for
evaluating antibiotic resistance genes (ARGs) and antimicrobial-
resistant pathogens present in wastewater treatment plants
[59]. In this case, both Illumina and nanopore shotgun sequenc-
ing revealed comparable abundances of major ARG types. The
agreement between the two platforms has been also described
for the analysis of different water sources in Nepal through 165
rRNA sequencing [60]. Although long-reads allowed the classifi-
cation of 59.41% of the reads down to the species level—no
Mlumina reads were classified at this level—a significant

number of false-positives arose. These results were consistent
with observations from [61], which showed that the bacterial
identification at the genus level was reliable. Species-level mis-
sclassifications could be partially addressed by employing dif-
ferent—and optimized—bioinformatic approaches for the
taxonomic classification [45, 62], by sequencing the complete
16S-1TS-23S region of the ribosomal operon [63, 64], or by cou-
pling MinION sequencing with complementary quantitative
PCR assays [60].

Agro-food industry would also benefit from real-time se-
quencing. For instance, nanopore metagenomic sequencing
could be useful for the quick detection of plant pathogens
infecting crops. Hu et al. [65] were able to identify the fungal spe-
cies causing diseases on wheat plants, which were previously
infected with known microbes. Co-occurrences between fungal
and bacterial genera were also detected. Viral infectious dis-
eases could be in situ monitored by using this technology, allow-
ing rapid and improved response to outbreaks [66]. Other
successful applications of ONT in the food industry included
the characterization of the microbiome of a salmon ectoparasite
(Caligus rogercresseyi), revealing its potential role as a reservoir
for fish pathogens [67]; and the determination of the fish spe-
cies present in complex mixtures, which would help to pre-
vent—and rapidly detect—food fraud [68].

Overall, nanopore results generally agreed with those
obtained by lllumina sequencing when available, thus validat-
ing the use of this technology for the vast majority of applica-
tions. Despite the huge potential shown, the suitability of
MinION sequencing in an industrial context has yet to be ascer-
tained, since all the discussed works were not carried out under
field conditions. In fact, there are some critical points to be
addressed before this technique could become a standard in the
industry: (i) sequencing cost should be reduced; (ii) rapid and re-
liable in situ DNA extraction and library preparation protocols
should be designed and validated; (iii minimal sequencing
yields should be determined for each specific application; (iv)
fast and real-time pipelines should be created and tested; and
(v) level of expertise for managing the data and the samples
should be notably reduced.

Real-time analysis of clinical samples

Microbial infections are an increasingly relevant problem in in-
tensive care units worldwide. Especially, the emergence of
multi-drug resistance microorganisms is one of the main
threats our society is facing from a clinical point of view [69].
Current diagnostics for pathogen identification in hospitals is
still mainly dependent on culture- and molecular-based
approaches, which have several limitations regarding specific-
ity, bias, sensitivity, and time to diagnosis. The revolution of
high-throughput sequencing and the decreasing costs associ-
ated to SGS has strongly empowered clinical diagnostics and
other aspects of medical care [70]. In the particular case of clini-
cal infections, high-throughput metagenomic sequencing
allowed for the first time the precise strain-level identification
of multiple pathogenic agents in single, all-inclusive diagnostic
tests [71]. However, the limitations of SGS regarding cost and
time to results (as described in previous sections) hamper its ap-
plication when a fast analysis is needed. For instance, in the
case of sepsis, patients are usually treated with broad-spectrum
antibiotics until the first results of culture-based analysis (in-
cluding determination of antibiotic susceptibility) are obtained
36—48h later. When available, SGS approaches can speed up the
process to ~24h, but result is expensive, labour intensive, and
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Figure 2: Real-time, in situ sequencing as a monitoring tool for industrial biopro-
cesses. Relevant systems (digesters, crops, farmed animals, etc.) are sampled
and analysed through metagenomic sequencing with MinION. Sequencing and
bioinformatic analysis result in the rapid diagnosis of problems, for which cor-
rective actions (antimicrobial treatments, bioaugmentation, change in control
process parameters, etc.) can be early implemented.

informatically challenging for most hospitals and healthcare
centres [72]. In this context, MinION sequencing (Fig. 1) paves
the way towards a diagnostic alternative in a clinically critical
timeframe, which could reduce the morbidity and mortality as-
sociated to major microbial infections.

The first reports on MinION sequencing in clinical diagnosis
were focused on the detection of single pathogens during out-
breaks. Flagship examples of such applications are the fast
(<24h) detection of Ebola virus during the 2015 outbreak in
West Africa [16, 73], or the fast (<6h) phylogenomic analysis of
Salmonella strains during a hospital outbreak [74]. Other signifi-
cant efforts have focused on the fast identification of single
clinical isolates [75], including the analysis of ARGs in a time-
frame of <6h [76, 77]. However, a range of use cases in the clini-
cal field requires the use of metagenomic sequencing to unveil
the identity of viral or microbial communities rather than single
isolates. In the case of viruses, the seminal work of Greninger
et al. [78] reported the detection of several viral pathogens in hu-
man blood in <6h since the obtention of the samples, by using

cDNA conversion and random amplification prior to sequenc-
ing. Despite the notable error rate observed in the sequences, all
viruses (chikungunya virus, Ebola virus, and hepatitis C virus)
were correctly identified and most of their genomes were recov-
ered with high accuracy (97-99%). A similar approach was
reported for the rapid identification of mosquito-borne arbovi-
rus [79], and other viruses causing co-infections, including den-
gue, from human serum samples [80].

On the other hand, an extensive number of reports have been
focused on the analysis of infections caused by bacterial commu-
nities (Table 2), using different approaches which resulted in dif-
ferent analysis times. Even though a range of PCR-free protocols
have been developed for MinION sequencing, one of the main
problems associated to the analysis of microbial communities in
clinical samples is the overwhelming concentration of host DNA,
which hampers the detection of bacterial sequences during the
first hours of the sequencing runs [89, 90]. Several strategies have
been applied to partially overcome this limitation. On the one
hand, PCR-based approaches targeting the 16S rRNA gene proved
the most rapid methods to identify pathogenic agents from hu-
man samples. Particular examples of this are the metagenomic
analysis in empyema patients with pleural effusion [83] and the
metagenomic analysis of patients with acute respiratory distress
syndrome [84], both studies reporting the obtention of the first
results in only 2h after the collection of samples. On the other
hand, the use of human cell-free samples allows the application
of WGS protocols for the analysis of the communities, yielding
not only taxonomic information but also the identification of pu-
tative antimicrobial resistance genes, which are of outstanding
relevance for the selection of effective treatments. Pendleton
et al. analysed in 2017 [86] lavage fluids from patients with pneu-
monia and managed to identify the bacterial pathogens in the
lungs in <9h using a WGS strategy. Similar approaches per-
formed on urine samples [87] and resected valves from patients
with endocarditis [85] yielded a diagnosis in 4h. For the analysis
of bacterial sepsis, recent reports describe the application of
MinION metagenomic sequencing on cell-free samples (<6h
from samples to results) [81] and on faecal samples from preterm
infants (obtaining results in <5h) [82]. The depletion of human
DNA prior to metagenomic sequencing proved also a useful alter-
native to reduce total analysis time [88].

In the current SARS-CoV-2 outbreak, MinION sequencing is
proposed not only as a rapid tool for WGS, but also as a
metagenomics-based approach for the rapid diagnosis of poly-
microbial/viral infections associated to coronavirus disease
COVID19. This is especially relevant to optimize the treatment
of patients suffering severe symptoms of the disease.

Finally, other advantages of MinION sequencing besides the
reduction of analysis are also to be highlighted. Given the low
price of the devices and consumables (in comparison to SGS
equipment), MinION has enabled the metagenomic analysis of
clinical samples in areas with limited resources [25, 91]. Also,
from a technical point of view, the generation of long reads
increases the resolution of the taxonomic analysis of the sam-
ples, reaching in most cases a species-level identification of the
most abundant members of the communities [92, 93].

The ‘read until’ strategy: towards cost-effective
in situ metagenomics
Metagenomic applications are often limited by the nature of the

samples to be analysed. For instance, the characterization of
prokaryotes or viruses present in a sample dominated by host
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Table 2: Summary of procedures and analysis times (from sample to results) reported for MinION-based metagenomic analyses of clinical

samples
References Clinical application Sample type Approach Total
analysis
time, h
Grumaz et al. [81] Bacteremia in septic patients Blood cell-free Whole-genome amplification + li- 5-6
samples gation sequencing
Leggett et al. [82] Rapid diagnosis of preterm infants Faeces Different approaches tested <5
with suspected sepsis
Mitsuhashi et al. [83] Unveiling microbial communities Pleural effusions 16S rRNA amplification + rapid 2
in empyema patients sequencing
Greninger et al. [78] Identification of viral pathogens in Blood samples Amplified cDNA + ligation <6
clinical samples sequencing
Tanaka et al. [84] Metagenomic analysis in patients Airway secretions 16S rRNA amplification + rapid 2
with acute respiratory distress sequencing
syndrome (ARDS)
Cheng et al. [85] Metagenomic analysis in culture- Resected valves Ligation sequencing 4
negative infective endocarditis
cases
Pendleton et al. [86] Identification of bacterial patho- Lavage fluid Ligation sequencing 9
gens in the lungs of patients
with pneumonia
Batovska et al. [79] Metagenomics of mosquito-borne Mosquitoes cDNA conversion + ligation <10
arbovirus sequencing
Schmidt et al. [87] Identification of pathogens and Urine Ligation sequencing and rapid 4
AMR in urine infections sequencing
Charalampousetal. [88]  Diagnosis of bacterial lower respi- Sputa and endotra- Human DNA depletion + Rapid 6
ratory infections cheal secretions PCR sequencing
Kafetzopoulou et al. [80] = Metagenomic analysis of viral Plasma and serum Ligation sequencing and rapid Not reported
infections and co-infections sequencing
Sanderson et al. [89] Metagenomic sequencing from Sonication fluid Different approaches tested 4
infected orthopaedic devices from explanted
prostheses
Gong et al. [90] Metagenomic analysis of liver Abscess aspirates Ligation sequencing Not reported

abscess

DNA via direct shotgun sequencing could be really challenging,
and would require high sequencing depth, thus increasing the
cost of the analysis [94, 95]. Although it is possible to enrich
samples in particular fractions (i.e. differential centrifugation
and filtration) or DNA fragments (i.e. PCR amplification and
DNA hybridization) [96, 97], several factors should be taken into
account when considering a fast, in situ application. Mainly, it
would be especially difficult to adapt enrichment protocols to
field conditions, and they could cause substantial losses of ge-
netic material, add extra time to sample preparation, and result
in a significant bias.

In this context, targeted or selective real-time sequencing—
also known as ‘Read Until'—is a new approach for focusing the
sequencing process to specific DNA fragments of interest. Read
Until is based on the ability of programming nanopore
sequencers to reject individual DNA molecules while they are
being read [98], releasing the individual nanopore to sequence
another DNA fragment. ONT sequencing speed is estimated to
be 450bp/s [98-100], and it is relatively common to achieve
sequences longer than 100kbp [24, 101]. Theoretically, to dis-
card a read for being read after a few seconds of translocation
through the nanopore would prevent wasting sequencing ca-
pacity, which could be saved for sequencing targeted DNA frag-
ments [99]. In a metagenomic context, the Read Until strategy
could be used to deplete sequencing of undesirable DNA (i.e.
host DNA) or for enriching specific genes/genomes. This

depletion/enrichment procedures would not require any experi-
mental steps, thus facilitating their use under field conditions.
Selective sequencing was first demonstrated by Loose et al.
[102]. Later, Edwards et al. [103] showed the ability of Read Until
strategies to enrich E. coli genomic sequences over human DNA.
However, the actual revolution in targeted ONT sequencing is
taking place in the recent months, with three different
approaches being simultaneously released (Table 3). The first
one, named BOSS-RUNS, introduced the dynamic selection of
DNA regions of interest [100]. This method consists of focusing
sequencing efforts on areas that have achieved low coverage
during the run, thus leading to the compensation of sequencing
bias. With this methodology, De Maio et al. [100] were able to ef-
fectively enrich multiple loci of interest within a bacterial ge-
nome, enabling up to 5-fold coverage improvement. In the field
of metagenomics, BOSS-RUNS could be applied for improving
the characterization of samples by ensuring the deep sequenc-
ing of clade-specific genetic markers [104]. On the other hand,
Kovaka et al. [99] recently developed UNCALLED, a tool able to
directly map ONT raw signals in order to detect wanted/
unwanted sequences. They used this approach for sequencing a
mock community (ZymoBIOMICS high molecular weight) con-
taining seven bacteria and one yeast. The objective was to map
the generated signals to a database containing the references
for the bacterial genomes (29 Mbp), rejecting DNA strands when
a match was detected. Bacterial sequencing depletion resulted
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Table 3: Summary of Read-Until strategies developed for ONT sequencing

References Method’s Based on Mapping Main objectives Comments
name algorithm/tool
Loose et al. [102] - Raw signal Dynamic time Enriching target regions of lambda  Poor scalability
warping virus genome, and obtaining
uniform coverage for 11
different amplicons
Edwards et al. [103] RUBRIC Sequence  LAST Enriching E. coli genome (1%) in a Modest enrichment (15%)
sample dominated by human
host DNA (99%)
De Maio et al. [100] BOSS-RUNS Sequence NA Enriching multi-locus regionsina  Tested on simulated data. Limited
bacterial genome, and retrieving scalability
uniform coverage in shotgun
sequencing
Kovaka et al. [99] UNCALLED Raw signal UNCALLED Enriching a yeast genome by de- Limited to mapping to non-
pleting bacterial genomes repetitive references smaller
than ~100 Mbp. Implemented on
CPU. Prior knowledge of the
sample needed
Payne et al. [98] - Sequence  Minimap Enriching a yeast genome, by dy- No prior knowledge of the sample

namically adjusting genome
coverage for every species in the
mock community

needed. Implemented only on
GPU. Scalable to Gbp references.

in up to 4.46-fold of yeast genome enrichment. Finally, another
strategy based on DNA sequences comparison has been pro-
posed by Payne et al. [98]. In this work, the same ZymoBIOMICS
mock community was used, but the enrichment of the yeast ge-
nome was achieved in a different way. Briefly, sequencing
started with default parameters, but when a pre-defined cover-
age was reached for a specific microorganism, its genome se-
quence was given to the Read Until application in order to reject
DNA strands coming from this microorganism. Interestingly,
the pipeline was adapted to incorporate a metagenome classi-
fier (Centrifuge) [41], allowing the use of this strategy without
prior knowledge of the sample.

Overall, selective sequencing has proved useful for different
metagenomic applications. Nevertheless, an associated reduced
total yield per flowcell has been reported [98, 99]. This could be
explained by two main reasons: (i) rejecting DNA strands in-
crease the time that a nanopore is not reading a molecule and
(ii) voltage changes needed for rejecting the fragments may pro-
duce pore blockages [98]. Nuclease flush could potentially help
to overcome this situation, although current throughputs are
enough for enriching DNA sequences and reducing the time
needed to reach the desired coverage [98, 99], which is a key fac-
tor in many in situ applications.

Concluding remarks

In this work, we have reviewed the state-of-the-art, current re-
search, and applications of real-time, in situ metagenomics. The
spectacular development of metagenomic technologies in the last
years as well as the number and importance of current and new
challenges—including biomedical hazards—that could be addressed
with portable metagenomic sequencing, reveals the importance of
further developing this technology to match a variety of niches that
we can, already, forecast. For example, we can envisage a close fu-
ture in which microbial ecologists will be equipped with small,
MinION-like devices that will allow to both extract DNA, carry out a
fast sequencing, and yield the results in a very short time. The un-
derstandability of the results and the minimization of the—visible—

bioinformatic background will be very important to allow non-
specialized staff to use such portable devices. The recent COVID-19
outbreak as well as the surveillance of Ebola, Zika, and many other
emergent diseases will need an army of—not necessarily special-
ized—detectors, for which easy-to-run, easy-to-understand plat-
forms will be needed. Alternatively, raw sequencing data will have
to be transmitted through secure Interet-based applications to cen-
tralized points, in which specialist staff will further process and fi-
nally analyse the information. Such portable, easy-to-use, cheap
devices will be used in quality control of all sorts of foods and ingre-
dients; in the identification of crop pathogens on an individual plant
basis; in forensic investigations; in the assessment of the energetic
potential of different substrates or batches for biogas production; or
for the identification of the best soils for specific crops, as deduced
by the soil microbial (either taxonomic or functional) profile. In order
to meet all these possibilities (which we have ambitiously described
in future and not conditional tense), the combination of five traits
will have to take place. The in situ, portable platform of the future
will (have to) be: inexpensive, robust, fast, easy to use, and connect-
able. A platform with these features will have a game-changing ef-
fect on the way we perform—and understand—microbial ecology.
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