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Long-read sequencing has buoyed projects in small genomics labs and large-scale projects.

METHOD OF THE YEAR:

LONG-READSEQUENCING

Tolarge-scale projects and individual labs, long-read sequencing has delivered new vistas and
long wish lists for this technology’s future. By Vivien Marx

o the delight of scientists across
the life sciences, reads, which are
the output of sequencing instru-
ments, have been getting longer.
Reads might be sequenced DNA
or RNA and could one day routinely be entire
genomes, transcriptomes and epigenomes
at high throughput and accuracy, and maybe
even the amino acid sequences of proteins.
Academics have happy tales about how
long-read technologies have empowered
their genomics projects. A few companies
have facilitated this journey, notably Pacific
Biosciences (PacBio) and Oxford Nanopore
Technologies (ONT). Of late, other firms
presenting long-read approaches include
Element Biosciences, Illumina and MGI.
Ultima Genomics and others have plans in
this area.

Long reads have buoyed numerous find-
ings in individual labs. In larger ventures,
among the celebrated achievements are
those in the Vertebrate Genomes Project
(VGP) and the Telomere-to-Telomere Con-
sortium (T2T)". A set of papers and news
features related to the T2T Consortium can
be found asaNature Collection online. Dur-
ing the T2T project, says Adam Phillippy,
aresearcher at the National Institutes of
Health (NIH) National Human Genome
Research Institute (NHGRI) who co-leads
the T2T Consortium, the longest read he
and his colleagues handled had one million
base pairs. Long-read sequencing is being
used by the Human Pangenome Reference
Consortium (HPRC)**. The HPRC teams want
to assemble the human genome at the T2T
level of completion and capture a “better

spectrum of humanity in terms of how they
represent allelic diversity,” says University
of California Santa Cruz researcher Karen
Miga, who co-leads the T2T Consortium with
Phillippy and is part of the HPRC.

Population-level data from diverse popu-
lations are needed, says Heidi Rehm, who,
among other appointments, is the chief
genomics officer at Massachusetts General
Hospital’s department of medicine and medi-
cal director of the clinical research sequenc-
ing platformat the Broad Institute of MIT and
Harvard. She and her colleagues have found
instances in which Black people received
information about risk of a heart condition
without sufficient evidence on genetic vari-
ants to support it’. Population data had been
lacking about these variants, and such dataare
still limited, says Rehm.
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One population- and diversity-focused
project underway involves 500 individuals:
50 from each of 10 different Australian Indig-
enous communities. Samples are taken with
consent from and with involvement of these
communities. From these individuals’ data,
one genome that represents each Indigenous
community willbe assembled telomereto tel-
omere. The scientists apply whole-genome
sequencing with long reads from PacBio and
ONT sequencers and Illumina short-read
technology. “The jury is still out on what is
the best technology for telomere-to-telomere
sequencing,” says Hardip Patel from the
National Centre for Indigenous Genomics
at Australian National University, who
co-coordinates the project with Ira Deveson
at the Garvan Institute of Medical Research.
Sequencing technologyitselfis rapidly chang-
ing. In 2023, the scientists will revisit their
technology choices, says Patel. Technology
choices have shapedlong-read achievements
to date and color the wish lists for the future
oflong-read sequencing.

Achieved withlongreads
Says Rockefeller University researcher Erich
Jarvis, who is also a Howard Hughes Medical
Institute investigator, long-read sequencing
has led to fewer gaps in genome assemblies.
Thebiological benefits of this technology for
his projects include a more accurate assess-
mentof geneduplications and their orthology,
and thusagreater understanding of gene fam-
ily evolution. He points to work by Constantina
Theofanopoulou, aHunter College researcher
and visiting professor at Rockefeller Univer-
sity. Long-read sequencing helped her parse
the evolutionary history of the oxytocin and
vasopressin ligand and receptor families. By
studying synteny — long, conserved blocks
near the genes of interest — she and her team
located orthologous genes across species. “It
isimpossible to run solid long-range synteny
analysis with short reads,” she says.
Long-read sequencing has had abigimpact
on the greater canid community, says Elaine
Ostrander from NIH NHGRI, who runs a num-
ber of studiesin the Dog Genome Project. This
impact stems, forexample, fromthe fact that
multiple reference sequences are needed that
represent different canids — wolves, coyotes
and domestic dogs, among others. Given their
quite dissimilar histories, different clades of
domestic dogs must also be represented.
Studying dogs with long reads sheds light on
domestication and thus human migration,
she says. Although such questions could be
approached with assembled sequence from
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It's had a big impact on the canid community to work with long-read sequencing, says NIH
NHGRI researcher Elaine Ostrander given that multiple reference sequences are needed

to represent different canids. Here, the Ostrander lab with companions. From left to right:
Emily Dutrow, Reuben Buckley, Elaine Ostrander, Alexis Harris, Jess Hale and Dayna Dreger.

multiple types of canids from around the
world and withalignment of thatinformation
to domestic dog sequences, says Ostrander,
“thatisintrinsically error prone when consid-
ering wild canids, or ancient canids, and does
not accurately reflect history, particularly as
itrelatestothelocationandtiming of domes-
tication for many canids.”

Says Jarvis, long-read sequencing makes
it possible to measure gene network inter-
actions across chromosomes in ways not
previously possible. These reads capture
G+C-rich regions, which are mainly found in
generegulatory regions. That yields, he says,
“a much more complete picture within and
across species of the DNA promoter regions
that regulate genes.” All of this also matters
to the VGP, which Jarvis chairs. Chul Lee, a
postdoctoral associate in the Jarvis lab, led
the development of methods® to quantify the
difference long reads make. The use of long
reads squelched thousands of errors from
previous genome assemblies of a number of
animal species because false gene gains and
losses in short-read-based assemblies were
corrected.

Isidro Cortes Ciriano and his cancer-
genomics-focused team at European
Molecular Biology Laboratory European

Bioinformatics Institute (EMBL-EBI) develop
computational tools to, for example, assess
mutation patterns and genome instability
in cancer. Long-read sequencing, he says,
delivers ways to study repetitive and com-
plex genomic regions such as centromeric
regions, long repeats and complex structural
variants. Withlongreads generated with nano-
pore sequencing on ONT instruments, they
can “resolve those complex genomic aberra-
tionsin cancer thatarerecalcitrant tolllumina
sequencing,” he says.

Carolin Sauer, a postdoctoral fellow in the
Cortes Ciriano lab, says that long reads are of
particular interest to researchers working on
cancers with copy number aberrations and
unstable genomes, such as esophageal and
ovarian cancers. Long-read approaches are
generally better for detecting and characteriz-
ingthe complex genome rearrangements and
structural variation typical of many cancers.

Among the gnarly genome sections more
readily tackled with long reads, says Patel, are
the human genome’s many types of repeti-
tive elements: short tandem repeats of a few
hundred base pairs; Alu elements, which can
run around 300 base pairs; LINE1 elements,
which canbe uptosixkilobases long; segmen-
tally duplicated regions hundreds of kilobases
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long; and the megabases of repeats within
repeats such as centromeres and ribosomal
DNA. These all differ in their mutational pro-
cesses and regulatory roles.

Long-read sequencing has been “a huge
deal” to him and his team, says Fergal Martin,
who leads the EMBL-EBI’s eukaryotic annota-
tionteam. The vastly higher-quality sequence
helps the team to tease out structures such
as genes and repetitive sequence. And with
long-read RNA sequencing, researchers can
describe expressed genes and find gene struc-
tures. “Soit’sadouble win,” he says.

In her microbiome and metagenomics pro-
jects, Karoline Faust, a researcher at KU Leu-
ven, works with organisms of known genome
sequences and uses ONT’s MinlON for “cheap
in-house cross-contamination checks.” Right
now, to confirm the bugs in the bioreactor
aretheonesthelab putthere, theteamneeds
to use 16S rRNA Sanger sequencing, but that
doesn’t distinguish strains or identify fungi.
“In my case, cheap and easy contamination
checks” and organism identification are the
greatest promise of long reads. Price and
speed matterinsuchinstancessince spotting
contamination quickly means one can quickly
halt an expensive experiment.

Inmetagenomics, long reads “have not fully
arrived and may still take time,” says University
of California Davis researcher C. Titus Brown.
That’s due to the challenges of DNA extrac-
tion for long molecules and because com-
plex microbiomes cannot yet be sequenced
at sufficient depth. Long-read sequencing
successes in metagenomics, he says, mainly
involve host-associated microbiomes, which
are less complex and involve fewer microbial
strains than microbiomes in marine environ-
ments, sediment and soil.

Longreads past and next

ONT’s technology grew out of ideas from
David Deamer, then at University of Cali-
fornia Davis; Hagan Bayley at University of
Oxford; and Dan Branton from Harvard Uni-
versity. The company, says ONT’s CEO Gordon
Sanghera, sought out partners in academia
from the start. The technology involves
threading a string of nucleic acids through
a protein nanopore. An ionic current flows
across the nanopore and dips as bases pass
through. A group of bases are read at a time,
with around six giving the strongest signal.
Thus, there are around 4,096 possibilities of
what the bases could be, says Johns Hopkins
University researcher Steven Salzberg. That
could make it hard to use this technology, but
infact, as a hypothetical example, when the
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To tease out tough-to-find structures in the genome, long read-sequencing has been
enormously helpful, say these EMBL-EBI researchers: Fergal Martin (left) leads the
eukaryotic annotation team; Carolin Sauer (right) is a postdoctoral fellow in the cancer-
genomics-focused lab of Isidro Cortes Ciriano (middle).

nanopore sees the sequence AGCTGA, the
sequence after that only has toadd only one of
four letters to thelast five. The next sequence
is thus either GCTGAA, GCTGAC, GCTGAG or
GCTGAT. “The base-calling software has to
figure out which of those four possibilities
isnext,” using the change in current, he says.

Early on, as a University of Oxford spinout
around 2015 with devices still “rudimentary
in performance,” says Sanghera, ONT invited
scientists to try it. Around 3,000 applications
quickly pouredin. “It was a very broad church,”
he says and included a high school student in
Guatemala and “some pretty powerful profs”
eagertogenerate dataat their desksinreal time.

Among the envisioned applications were
some on infectious disease, plant research
and environmental testing. Having at one’s
fingertips anaffordable way to generate datais
transformative for the coming “genomicera,”
hesays, inwhichsequencing willbe appliedin
many ways and become more widespread. An
admittedly futuristic approach, says Sangh-
era,isatoothbrushwithabuilt-in ONT device.
It could be used to check for “signatures” in
the tiny amount of blood released when peo-
ple brush their teeth. It might indicate that a
cancer remains in remission or that a physi-
cian visit might be warranted. Other applica-
tions could involve detecting pathogens in
food or the environment. “We have ideas and
brainstorms about the kinds of products that
we could bring to bear,” he says. The tooth-
brush embodies, says Sanghera, the concept
of “what we think will come.”

With PacBio’s High Fidelity (HiFi) sequenc-
ing, the instrument builds a consensus
sequence from multiple passes around a

circular molecule. HiFi sequencing grew
from the company’s core long-read technol-
ogy — single-molecule real-time sequencing,
or SMRT-sequencing’ — that Jonas Korlach,
PacBio’s chief scientific officer, co-developed
and that launched PacBio’s pathinto labs.

Backingraduate schoolin Watt Webb’s lab
at Cornell University, Korlach was fascinated
by macromolecular machines, one of whichis
the enzyme DNA polymerase (DNAP). DNAP
zips along at 100 bases per second to copy
the genome, such as during cell division. It’s
“the most powerful sequencing machine”
that evolved over millions of years, he says.
Korlachwanted to watch DNAP inaction and
worked out how to use labeled nucleotides to
distinguish the four DNA bases. He explored,
for example, how the enzyme could hold on
to a developing DNA strand as each base is
added to the complementary strand. With-
out away to image a single polymerase mol-
ecule, however, the seaof labeled nucleotides
would be one big blur. Webb suggested reach-
ingout to Harold Craigshead in aneighboring
Cornell lab.

There, Stephen Turner was a PhD student,
and a partnership and friendship between
Korlach and Turner developed that lasts to
this day. Sequencing single molecules in real
time intrigued Turner, and he developed
zero-mode waveguides® that hold DNA in
tiny holes embedded in a metal film. Turner
founded PacBio and Korlach was employee
number eight. They developed ways to make
SMRT sequencing robust — for example, by
attaching thelabel tothe nucleotideinsucha
way that the DNAP doesn’t disengage from the
developing DNA strand. As PacBio and ONT

nature methods

Volume 20 | January 2023 | 6-11| 8

CREDIT: J. DOWLING, EMBL-EBI


http://www.nature.com/naturemethods

Newsfeature

They met in graduate school and are friends
and collaborators to this day. Stephen
Turner (left) is PacBio’s chief technical
officer and founder. Jonas Korlach (right)

is PacBio’s chief scientific officer. He was
employee number eight.

continue to advance their instruments, labs
advance their wish lists.

Wish-listitem: one box

Most genomics projects apply multiple
technologies to wrestle with aspects such
as sequence duplications, structural varia-
tionand alack of diverse reference genomes.
To build amore adequate representation of
human global genomic diversity, the HPRC
tested methods onHG002, an Ashkenaziman
from the Human Genome Project who con-
sented his data be used. Among the HPRC’s
sequencing technologies are PacBio HiFilong
reads, ONT long reads, 10x Genomics linked
reads, HiC linked reads, optical maps and
Strand-seq data for co-scaffolding contigu-
ousstretches.

Accuracy is one reason multiple technolo-
giesare used, says Guojie Zhang from Zhejiang
University. Were long-read sequencing more
accurate, labs would no longer need multiple
technologies for curation and validation, he
says. Says Rehm, long-read sequencing is use-
ful for resolving some of the more complex
structural variantsin the humangenome, and
it gives researchers a way to study regions of
high homology that contain genes that mat-
ter clinically. With long reads, scientists can
resolve short tandemrepeats better than with
short-read sequencing and phase variants to
determine which alleles they belong to. She
works with ONT, PacBio and lllumina technol-
ogy on rare diseases. In her view, long-read
sequencing needsto get “definitely cheaper,”
she says. “And ideally, we’'d get everything on
one platformand not multiple.”

Aone-box long-read sequencing world has
not yet arrived, but there are, for example,

designed technology pairings. ONT and
10x Genomics have set up a protocol to
use ONT PromethION devices and perform
sample prep for the 10x Genomics platform
to connect nanopore sequencing and 10x
Genomics’ single-cell and spatial assays.
Users can capture sequence and, for example,
isoform-specific transcript abundance and
spatial transcriptomic data.

It would be a best case, says Doron Lipson,
chief scientific officer of Ultima Genomics, if
labs had onebox for solvingall, but to get “the
full, complete picture, end-to-end of every-
thing,” they will likely always have to combine
approaches. For now, Ultima’sinstruments are
short-read sequencers that generate 300- to
400-base-pair reads, which they have pushed
internally to 600-800, he says. The technol-
ogy isamicrofluidic system that uses sequenc-
ing by synthesis with nucleotides to build up
a DNA strand with chemistry that needs only
asmall fraction of nucleotides to be labeled.
Instead of pricier flow cells, Ultima uses pro-
prietary disks. This cuts costs, especially for
teams in large-scale sequencing projects,
genomics centers and core facilities, he says.

Pocket-sized instruments like ONT’s lever-
age cloud-based computing, which lowers
the cost of data analysis and heightens acces-
sibility. Beyond offering technology to help
labs resolve repetitive elements in genomes,
Ultimawantsits instrumentsto generateinfor-
mation about genomic regions interacting
across large distances. The goal overall is to
make sequencing 10-50 times cheaper than
now and capable of generating many different
kinds of data.

Lipson sees Illumina’s recently launched
long-read technology as similar toapproaches
that have “been around for a while,” he says.
It involves long reads in which DNA is frag-
mented for sequencing and tagged to keep
track of each fragment, followed by local
assembly. Ultimais also exploring approaches
and collaborations in this area, he says. For
now, that’s all the detail he wishes to disclose.

Labs might one day have “one box” that
gives them all the data they need, says Lip-
son, “but that’s still a while away.” Ultimately,
sequencers will become “agnostic measure-
ment devices” with which a scientist can
obtain areadout by converting a parameter
of interest into something that can be cap-
tured with a DNA sequence signal. Currently,
an “inflection phase” isunderway thatis lead-
ing an increasing number of labs to scale up
sequencing for their projects. Even smaller
labs canbecome “high-scale” sequencing facil-
ities as both prep and analysis become easier

thanbefore. Biology’s puzzles will remain, says
Lipson. It’s “the beauty and the curse of biol-
ogy” that when measurements deliver insight
on what was poorly understood, it unleashes
new questions.

Wish-list item: lower cost

Says EMBL-EBI's Martin, long-read sequenc-
ing’s applications would be greatly improved
if it could also capture full-length sequences
from genes with low expression levels and
small amounts of sample. “This is really
important for biodiversity initiatives, where
there may be very limited samples available
for a species,” he says. He also wonders how
PacBioand ONT cansupport these “essentially
not-for-profitendeavors,” which stand to pro-
foundly shape planetary health.

ONT values low-cost access to DNA and
RNA data through sequencing, says ONT’s
Sanghera. During the pandemic, its instru-
ments were used around the world by public
health labs thatlacked sequencinginfrastruc-
ture and sequencing experience. ONT basi-
cally gives away its devices, he says, and not
justasaCOVID-19-related approach. “You only
buy consumables,” he says, which are flow cells
and reagents.

Over time, long-read sequencing has
become higher throughput and easier to use,
and costs have come down, says Korlach, who
isinvolved inresearch projects including the
VGP and the HPRC. On the computation side,
says Korlach “we’re piggybacking on the tel-
ecom industry.” Computing gets faster as a
result of advances in processors and compo-
nents such as GPUs “So I think it’s inevitable
that long-read sequencing is going to get
faster and cheaper and easier to use.”

Scientists are welcome to approach PacBio
about potential collaborations. “If they want
todoalotofsequencing, thenwetrytoincen-
tivize that,” says Korlach. “If somebody wants
todo something that’s never been done before
and we're excited about it, we’'re happy to sup-
port that.” That can, for example, translate
intoadiscount or other types of support so his
company can help make the project happen.

For labs, both cost and accuracy areimpor-
tant considerations, says Patel. PacBio’s HiFi
platform delivers long reads with high accu-
racy levels, he says. But it’s more expensive
per base than ONT’s platform.

To him, forlong-read sequencing “with few
exceptions, there’s only one real choice, and
that’s Oxford Nanopore,” says Salzberg. The
company'’s small devices can easily accom-
pany scientists into the field. To assemble a
genome accurately, “HiFitechnologyis great,”
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hesays. “Soit’s good we have it.” But most labs
lack funds to finance using it. HiFi sequencing
is brought to bear, for example in large-scale
research efforts such as the NHGRI-funded
HPRC. But, he says, individual labs, including
his, generally do not have grants large enough
to afford this technology.

Wish-listitem: greater accuracy

In Patel’s experience, ONT sequencers have
continually improved accuracy rates. When
he and his colleagues started collecting data
last year for a project now being scaled up, the
accuracy of ONT’s platform was at 92%. “Now
it's close to 99% at a base level,” he says.

“We need longer and more accurate reads
that are perfect or near perfectin their nucle-
otide accuracy, especially to get through
long centromere regions,” says Jarvis. Also
needed: technology to scale up to produce
complete and error-free genomes at scale for
thousands of species per week to complete
the goals of the VGP and the Earth Biogenome
Project. Currently “on average I believe glob-
ally the participating labs are producing
about six high-quality genomes per week,”
hesays. That’s from start of DNA isolation to
finished submission to public databases. “So
we have a long way to go in terms of scaling
withlongreads.”

Around 2010, error rates with early
PacBioinstruments ranaround 15-20%, says
Phillippy, but this has changed dramatically.
HiFi reads, which are used in large-scale
research efforts such as the HPRC, involve
circular consensus sequencing, in which
multiple passes around a circular molecule
are made. HiFi sequencing essentially per-
forms error correction on previous passes,
says Salzberg. Accuracy reaches 99% accu-
racy and higher.

From these multiple passes around a cir-
cular molecule, the instrument builds a
consensus sequence with a hidden Markov
model. PacBio collaborated with Google to
explore how its tools for genomic analysis,
machinelearning and algorithm development
might further enhance HiFi read accuracy,
increase data yield and increase computa-
tion speed. Together the teams developed a
deep-learning-based approach called Deep
Consensus, which has a transformer archi-
tecture. Transformers played a role in, for
example, developing DeepMind’s AlphaFold 2
proteinstructure production platform. Deep
Consensus helps to correct errors, especially
inthe genome sections thatare more difficult
to sequence and assemble, and it’s now built
into the PacBio platform.

The company basically gives away its
devices. “You only buy consumables,” says
Gordon Sanghera, CEO of Oxford Nanopore
Technologies. Users buy flow cells and
reagents.

Forthe pastdecade, Salzberg and his team
have been assembling tree genomes, and
to do so they combine Illumina short-read
sequencing and ONT nanopore sequencing.
“That’s currently our recipe,” he says. ONT
wasonce anerror-prone technology that has
beentremendously improved, says Phillippy.
It’s now, in his view, an instrument “taken
seriously” for structural variant detection,
single-nucleotide variant calls and disease
diagnostics, too.Salzbergagreesontherisein
accuracy levels. The technology is well-suited
tothetree genomeshe works on, which canbe
ten times the size of the human genome and
contain within these perhaps 30 gigabases,
repeats of different lengths.

Notsolongago, human genome assemblies
were built from reads of 55-75 base pairs.
“They’re terrible assemblies,” says Salzberg.
To his recollection, the Solexa machine gen-
erated reads of 25 base pairs. The first human
genome assembled with llluminatechnology,
which acquired Solexa, was fragmented and
based on 54-base-pair reads. To get to the
current human genome assembly, labs have
been wrestling with long repetitive regions,
attacking gaps at the telomeres and around
centromeres, which has millions of repetitions
and acomplexstructure. “That’s why the HiFi
reads are necessary,” and why it’s used, for
example, by the T2T Consortium.

Wish-listitem: save time
Some ONT users wish the company would
change its products and especially its

software less frequently. Says Sanghera, the
rule book for disruptors is to “release soft-
ware, hardwareregularly.” But, alongside the
“innovators” and early adopters in genom-
ics who crave the newest tools and rapid
changes, as ONT’s platform has matured,
additional, applications-focused customers
have emerged. To address this group, the
company is setting up the Q-Line, for which
things do not change as frequently, he says.
This two-pronged product development
approachis still “awork in progress.”

Readily producing an error-free assembled
genome that runs “telomere to telomere” isa
“big dream” for many biologists, says Zhang.
And it’s made possible with long reads that
ease genome assembly. Long-read sequenc-
ing, he says, “also allows us to capture the full
set of transcripts with all alternative splicing
forms.”

Yet assembling “a T2T” genome remains
time-consuming. For instance, it means manu-
ally correcting artificial structural variants
thatmay have beengenerated. It’salso compu-
tationally expensive. For long-read sequenc-
ing, faster, longer and cheaper are on his wish
list, says Zhang.

New methods, says Korlach, and not just
those insequencing, are generally more expen-
sivethanwhenthey become more widespread
and commoditized. Heis glad to see how much
of biology is being revealed because labs can
now uselongreadsto resolve genomicregions
they could not previously. One important
advance among many, he says, has been the
ability toresolve the six gigabases of the human
genomesuchthat one canseparate haplotypes
and study maternal and paternal alleles.

Imagining the future

Around 2010, he began working with long-read
sequencing with early PacBio instruments,
says Ohio State University researcher Kin Fai
Au, who has been vice chair of researchin the
department of biomedical informatics and is
moving to the department of computational
medicine and bioinformatics at the Univer-
sity of Michigan. As a postdoctoral fellow
at Stanford University, he was near PacBio’s
headquarters in neighboring Menlo Park. He
alsohadaccessto ONT’searly access program,
whentheinstruments’error rateranas high as
30-40%, he says, and the reads could not be
aligned. These days, he says, accuracy rates
are 95-96% and rising.

As a graduate student, Au had worked
on software for Illumina short-read-based
RNA sequencing to predict gene isoforms
of a transcript, but it didn’t work well. When
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Long reads are a way for many labs to tackle gnarly genome sections such as complex
genome rearrangements and the many types of repetitive elements.

Many ‘-seq’ named methods have emerged
and, says Au, and more will emerge related to
long reads as “one of the future efforts in the
community.” Long-read RNA-seq, long-read
ATAC-seq and many others will lead to new
opportunities in bioinformatics given the
new types of information and data they
willyield.

Au is excited about the technology to
come. “Science always proceeds in some
ways that we never can imagine,” he says. He
isintrigued by Illumina’s long-read technol-
ogy, formerly called Infinity and renamed to
Complete Long-Read technology. According
to the company, it generates reads longer
than30kilobases and can work with 50 nano-
grams of DNA. Both ONT and PacBio cover
the long-read sequencing market, says Au,
and PacBio is more expensive for users than
ONT. In his view, the two companies and oth-
ers might not take over all of lllumina’s mar-
ket share, but they will keep making inroads
because, in his opinion, “long-read sequenc-
ingisthe future.

the team applied their method to PacBio
SMRT-sequencing reads, they detected
thousands of isoforms. At the time, herecalls,
PacBio’s SMRT-sequencing error rate was
high, which has changed.

For along time, he says, RNA sequencing
meant one needs to reverse transcribe the
RNAtocDNAtosequenceit. ONT’stechnology
was the firstto enable direct RNA sequencing’.
RNA expressiondatahold great value because
oftheway they can capture differencesacross
celland tissue types. Beyond RNA abundance,
he and others are using long reads to assess
the epitranscriptome, RNA modifications and
RNA structure. For such tasks it’s helpful to
have direct RNA sequencing, says Au.

Unlike DNA, RNA has no amplification
method, and the sample sizes for RNA
sequencingareachallenge. As the technology
continues to change, so too will requirements
forinput material, says Au. Labs are also work-
ing on protocols to maintain DNA molecules
longer than one millionbase pairs. The longer
theread, the easier the assembly.

Beyond DNA and RNA sequence, says
Au, labs want to capture many other facets:
long-range and three-dimensional interac-
tions, repetitive sequences of many sizes,
transposable elements, epigenetic alterations
such as 5-methylcytosine, histone modifica-
tions. They seek chromatinaccessibility datato
assesswhichtranscriptionfactorbindswhere.

Vivien Marx
Nature Methods.

e-mail: v.marx@us.nature.com
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