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‘Nanopore’ sequencers, such as these GridlON units, can decode tens of thousands of bases of DNA without interruption.

CLOSINGINONA
COMPLETE HUMAN GENOME

Advancesin sequencing technology mean that scientists are on the verge
of finally finishing an end-to-end human genome map. By Michael Eisenstein

ith a complex and diverse topog-

raphy of genes and regulatory

sequences, the human genomeis

oftenlikened to a landscape. But

inmany places, this terrainis less
dramatic vistaand more desert highway: vast
and repetitive.

Consider a chromosome’s centromere,
which links its two gene-laden arms.
Centromeres comprise thousands of
near-identical a-satellite sequences —
171-base-pair units that need to be correctly
organized to ensure chromosomal stability
and cell division. Yet two decades after the
publication of the draft human genome, these
and other challenging DNA features remain
as stubborn gaps in our chromosomal atlas.
And, until a few years ago, some researchers
despaired of ever filling them.

Beth Sullivan, a centromere researcher at
Duke University in Durham, North Carolina,
recallsaconversationin 2014 with Karen Miga,
agenomicsresearcher at the University of Cal-
ifornia, Santa Cruz. “She told me, ‘If something
doesn’t happen drastically with the technol-
ogy, we're going to be stuck here for along
time’,” Sullivan says.

But something did happen: the develop-
ment of sequencing technologies that canread
long stretches of DNA uninterrupted. Now
Miga and her colleagues in the Telomere to
Telomere (T2T) consortium are poised to com-
pletethe20-year odyssey that began with the
release of that first draft sequence. Their goal
is to produce, for each chromosome, an end-
to-end genome map that stretches from one
telomere (the repetitive sequence elements
that cap chromosomal ends) to the other.
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“Thiswasn’t just doing it for the sake of doing
it,” says Miga. “It was because I think there’s
some really cool biology there.” But to find
it, the genomics world will need to sequence
many such genomes, chipping away at the
variation of these still poorly understood
genomicregions.

Stuck in the middle

Published 20 years ago this month’, the first
draft of the human genome was a landmark
achievement. But it was also full of holes.
Scientists from the Human Genome Project
generated vast numbers of short sequences
from chromosomal DNA. Where they over-
lapped with their neighbours, these were
assembled into larger, contiguous stretches
known as contigs. Ideally, each chromosome
wouldbe represented by asingle contig, but the
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first draft consisted of 1,246 such fragments.

Sincethen, scientists working as part of the
Genome Reference Consortium (GRC) have
been fleshing out the assembly, manually
checking it and using sequencing analysis to
identify segments with errors and information
gaps. The most recent version of the human
genome, called GRCh38, wasreleased in2013.
Sincethenit has beenrepeatedly ‘patched Yet
it’s still missing 5-10% of the genome, includ-
ingallthe centromeres and other challenging
regions, such as the large collection of genes
encoding the RNA sequences that form pro-
tein-producing organelles called ribosomes.
These are presentinlong stretches of numer-
ous, repeated gene copies. “That’s a large
portion of the yet-to-be-closed gaps,” says
Adam Phillippy, a bioinformatician at the US
National Human Genome Research Institute
inBethesda, Maryland, and T2T co-chair. The
genome is also peppered with hard-to-map
stretches of near-identical DNA called seg-
mental duplications — the product of ancient
chromosomal rearrangements.

These challenging sections have continued
to stymie genome-assembly efforts. That’s
because most sequencing so far has been
done with short-read technologies, such as
the widely used platform commercialized
by biotechnology company Illumina in San
Diego, California. Illuminasequencers gener-
ateextremely accurate data, but typically over
just afew hundred bases — too short to span
the long repeats and position the sequences
unambiguously. “Genes are usually easy to
assemble,” says Kerstin Howe, acomputational
biologist at the Wellcome Sanger Institute
in Hinxton, UK, who is part of the GRC. “But
everythingelsein thatintergenic space or with
lots of repeats was basically not addressable.”

Reaching across the gaps

Two long-read technologies are now closing
those gaps. Biotechnology company Pacific
Biosciencesin Menlo Park, California, usesan
imaging system to directly read hundreds of
thousands or even millions of DNA strands in
parallel, each spanning thousands of bases.
Another approach, commercialized by UK
firm Oxford Nanopore Technologies, threads
DNA strands through tiny protein pores, or
nanopores, reading tens to hundreds of
thousands of bases by measuring the subtle
changes in electrical current that occur as
nucleotides traverse the channel.

When they were first rolled out (Pacific
Biosciences’ technology in 2010 and Oxford
Nanopore’sin2014), these technologies were
more error-prone than that of lllumina, which
delivers greater than 99% accuracy for individ-
ual reads. “We're talking about 15-20% error
ratesintheearly PacBioreads,” says Phillippy.
First-generation nanopore sequencers could
produce errorsin more than 30% of the bases.

But performance steadily improved,
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and with it, read length. “Within the past
three or four years, we could now get read
lengths of over 100 kilobases,” says Phillippy.
“That’s when Karen and I launched this T2T
consortium.”

Setupinearly 2019, the consortiumaimsto
produce high-quality, end-to-end assemblies
forevery human chromosome. More than100
sequencing and genomics specialists from
around the world have signed up, many of
whom were already actively demonstrating
the power of long-read-based analysis.

Two papers published in 2018 highlight
their work. In one?, computational biologist
Matthew Loose at the University of Notting-
ham, UK, and his colleagues described the
firsthumangenome assembled entirely from
Oxford Nanopore data. Previous long-read
assemblies used Illumina data to correct the
error-prone nanopore output. But Loose and
his colleagues covered around 90% of GRCh38
with 99.8% accuracy using nanopore data

“Wewereabletohavea
backbone representation of
those chromosomes from
telomeretotelomere.”

alone, while also closing a dozen major gaps
inthereference genome.

In the second study?, Miga and her team
reassembled the centromere of the human
Y chromosome, the genome’s smallest. They
produced numerous long reads across the
region to generate high-quality consensus
sequences in which random errors could be
readily identified and eliminated. “We could
actually traverse all the way across the cen-
tromere,” says Miga. “But it was still very man-
ualatthat point —justlooking at patterns and
stitching them together.”

First to finish

Such successes made it clear that the
T2T’s goal was within reach. To simplify its
work, the consortium focused on CHM13, a
tumour-derived cell line with a genome that
comprises two identical sets of chromosomes.
This eliminates the complexity of diploid
genomes, with distinct chromosome copies
fromeach parent.

In late 2020, T2T scientists published the
first two complete assemblies, for chromo-
somes X* and 8 (as a preprint)°. The investi-
gators used Oxford Nanopore technology to
sequence pieces of the two chromosomes that
routinely exceeded 70,000 bases in length,
with one read surpassing one million bases.
“With these, we were able to essentially have
abackbone representation of those chromo-
somes from telomere to telomere, butat lower
accuracy,” says Phillippy. They then comple-
mented those data with Illumina and Pacific
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Biosciences reads to polish their assemblies.
Glennis Logsdon, a postdoc in the lab of
genome scientist Evan Eichler at the Univer-
sity of Washington in Seattle and first author
on the chromosome 8 work, says that the
different sequencing technologies have dis-
tinctive quirks. For example, T2T scientists
have found that the Pacific Biosciences chem-
istry can struggle with genomic regions that
are highly enriched in G and A bases, whereas
nanopore technology sometimes stumbles
over long repeats of the same nucleotide. “If
one data set has a defect that the other one
doesn’t, they end up complementing each
other well because of that,” says Logsdon.

Completing and fact-checking the assem-
bliesrequired specialized software tools devel-
oped by researchers, including Phillippy and
computational biologist Pavel Pevzner at the
University of California, San Diego. The team
tooka cautious approach. “We were only going
togluetwosequences together ifthey’re basi-
cally100% identical over 7,000 bases of their
length,” says Phillippy. “Once youintroduce an
errorinto the assembly, it’s very difficult to fix
it” But by taking such care, he says, itbecame
possible to produce assemblies with 99.99%
accuracy at the nucleotide level.

The initial work* with chromosome X also
benefited from previous knowledge of that
chromosome’s centromere, which has been
wellstudied at the structural level. “We used a
variety of molecular techniques to make sure
that the size of the assembly of the a-satellite
array from the sequencing information was
correct,” says Sullivan. “Overall,  was really
impressed with the amount of validation that
went into that first study.”

The researchers also exploited mapping
techniques, such as one developed by Bionano
Genomics, a biotechnology company in
San Diego, California, that make it possible
to measure the distances separating DNA
sequences on achromosome.

Closingin on completion

Although successful, the T2T approach to
chromosomes 8 and X was laborious and
painstaking. But animportant advance dur-
ing this time gave the team’s efforts a shot in
the arm. Pacific Biosciences instruments sup-
port a process known as circular consensus
sequencing (CCS), in which individual DNA
strands are converted into closed loops that
canberead overand over. By comparing these
repeated reads, researchers caneliminateran-
domerrorstoproduceahighlyaccurateresult.

Early versions of CCS topped out at a few
thousand bases, limiting their use in genome
assembly. Butin 2019, the company revamped
this process®, and the resulting high-fidelity
approach now produces consensus reads
surpassing 20,000 bases with greater than
99% accuracy. “Some centromeres we now
can assemble completely from high-fidelity
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reads —noextrahelpisneeded,” says Pevzner,
although he adds that well-calibrated
algorithms that can work with such data are
alsorequired.

Pevzner compares centromere reconstruc-
tion to assembling a jigsaw puzzle of seem-
ingly clear blue sky, in which all the pieces
initially appear indistinguishable. “There are
little, almost invisible, clouds there that can
distinguish different pieces of the puzzle,” he
says. Finding those cloudsreveals the puzzle’s
organization — and the revamped approach
does the same with centromeres, sensitively
detecting subtle sequence differences that can
provide landmarks for assembly algorithms.

The combination of this approach with
ever-longer nanopore reads markedly accel-
erated T2T’s progress — Logsdon reports that
hundred-thousand-base stretches are now
routine. “It took us a year or more to do each
of the chromosome X and 8 projects,” says
Phillippy, “but we were then able to essentially
finishall the remaining chromosomesinatwo-
month span.” Now the end is in sight. “We’ve
green-lit all of the centromeric arrays except
for the one on chromosome9,” says Miga. This
centromere, she says, is massive — spanning
27 million bases — and has posed a special
challenge in terms of validation. The team
is also still finalizing the highly duplicated
ribosomal RNA genes. But the consortium is
already sharing its data on GitHub, and Miga
anticipates that the complete genome release
for the CHM13 cell line will arrive this year.

The data are already yielding insights.
Logsdon and others have been using
nanopore sequencing to find patterns of DNA
chemicalmodification that caninfluence chro-
mosomal function. “Most of the centromere

ismethylated, but there’s this dip in methyla-
tion thatseemstobe foundinall centromeres,”
she says. The dip seems to mark the location
of the kinetochore, an essential centromeric
structure that manages the equal partitioning
of DNA during cell division. Logsdon hopes
to use these findings to engineer minimal
centromeres for synthetic chromosomes.
T2T’s approach also made relatively short
work of the vast and complex gene arrays that
encode the variable regions of antibodies
and receptors on the surface of the immune
system’s T cells. “They’re highly repetitive
and notoriously difficult to assemble,” says
Pevzner. “As of today, we have only two refer-
encesfor thisregion.” The ability toaccess and
characterize these challenging genomic seg-
ments could guide efforts to understand the
immuneresponse toinfections and vaccines.

End of the beginning

Challenging as it has been to build, a single
end-to-end genome offersresearchers limited
value without other genomes from diverse
individuals against which to compare it. To
boost its utility, in late 2020, the T2T began
working more closely with a parallel effort, the
Human Pangenome Reference Consortium
(HPRC). The HPRC was launched in 2019 with
the goal of replacing GRCh38 with a refer-
ence genome that better captures the scope
of human diversity, based on whole-genome
data from at least 350 individuals. “The more
genomic medicine becomes routine, the more
youwill want to remove any bias that depends
on the ancestry of a person,” says Tobias
Marschall, a computational biologist at the
Max Planck Institute for Informatics in Saar-
briicken, Germany, who is part of the effort.
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Yuta Suzuki, a research associate in the lab
of computational biologist Shinichi Morishita
atthe University of Tokyo, has used Pacific Bio-
sciences sequencing to study the centromeres
of 36 individuals from Japan and other parts
of the world’. “Just within the Japanese
population, we see different centromeres for
virtually every sample we have investigated,”
says Suzuki. “It’s not enough to have just one
reference, or evenjust onereference for each
population.”

Morishita plans to analyse hundreds of
additional human centromeres, and he notes
that several dozen disease-associated genetic
variations have been mapped to these regions.
“This suggests there’s something goingwrong
in the centromeric repeats, and our impres-
sion is that their stability might be destroyed
due to structural variants,” he says. For his
part, Phillippy sees the opportunity to better
understand diseases associated with cellular
protein-production machinery once riboso-
mal RNA genes can be routinely resolved.

Butfirst, researchers must work outhow to
apply the T2T process to a diploid genome.
Determining which sequences reside on which
chromosome copy requires scientiststoiden-
tify enough unique genetic landmarks to con-
fidently assemble distinct contigs for each
DNA strand, a tough feat in ultra-repetitive
regions such as the centromere. In their
chromosome 8 preprint, Logsdon, Eichler
and their colleagues describe the feasibility
ofreconstructing diploid centromeric regions
from chimpanzees and humans, but only when
the two chromosomes are highly genetically
distinct. “We’ll need much more accurate or
longer reads to spanthe full centromere region
for adiploid genome,” says Morishita.

At present, most clinical-genomics
efforts focus on known genes — a fast and
cost-effective approach to genome analysis.
But the pioneers exploring this new terrain
expect that comprehensive analyses will
ultimately become a standard, although
probably more expensive, fixture in med-
ical and research genomics — particularly
as researchers begin routinely exploring
the clinical impact of variations in these
once-unmappable regions. “If my child was
sick and I knew that I could get 100% of the
genome with long-read, | would want to pay
that difference,” says Miga.

Michael Eisenstein is a freelance writer based
in Philadelphia, Pennsylvania.
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