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Highlights
Detection of rare mutations and site-
specific modifications/damage in DNA
is now plausible because of advances
in high-throughput sequencing tech-
nologies, but sequencing error rates
have remained a major impediment
and set undesirably high noise thresh-
olds for detection.

Numerous modified library construc-
tion methods have recently been
developed to generate redundant
sequences from each original DNA
fragment and thereby suppress error
rates. Further elaborations such as cir-
cle sequencing, duplex sequencing,
and locus-specific targeting have
made improvements to yield and/or
accuracy and broadened the range
of applications.

Additional sequencing methods have
been developed to identify low-fre-
quency chemical modifications to
bases and nucleotides at a site-speci-
fic level.
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There is a great need in biomedical and genetic research to detect DNA damage
anddenovomutations,butdoingso is inherentlychallengingbecauseof therarity
of theseevents. TheenormouscapacityofcurrentDNAsequencing technologies
hasopenedthedoor forquantifyingsequencevariantspresentat lowfrequencies
in vivo, such as within cancerous tissues. However, these sequencing technolo-
gies are error prone, resulting in high noise thresholds. Most DNA sequencing
methods are also generally incapable of identifying chemically modified bases
arising fromDNAdamage. In recentyears,numerousspecializedmodifications to
sequencingmethodshavebeendevelopedtoaddresstheseshortcomings.Here,
we review this landscape of emerging techniques, highlighting their respective
strengths, weaknesses, and target applications.

The Need for Accurate Detection of Low-Frequency Mutations and DNA
Damage
Studying extremely rare events is difficult. Research into the mechanisms and patterns of DNA
mutation is a classic illustration of this challenge. Even in the rapidly mutating genomes of
viruses, de novo mutations still represent only a tiny fraction of the nucleotides in any
sequenced sample [1]. In cellular organisms, the mutation frequency is vanishingly small (e.
g., the mutation rate in bacteria can vary widely across lineages and environments but is often
on the order of �10�9

[220_TD$DIFF] per site per generation [2]). Despite their rarity, mutations are of obvious
and fundamental importance in genetics, evolution, and medicine. As such, enormous histori-
cal effort has been invested in detecting mutations and quantifying mutation rates through
techniques such as mutation accumulation lines (see Glossary) [3] and fluctuation tests
based on reporter genes [4,5]. However, these techniques are restricted to organisms that
can be grown to vast population sizes and/or propagated for a large number of generations,
limiting the breadth of their applicability and the generality of their findings. These limitations
pose a significant impediment to basic research into the genetic mechanisms of mutation. The
need for methods to detect rare DNA sequence variants has become increasingly urgent, as
researchers have come to understand the biomedical importance of subclonal mutations
present at extremely low frequency in somatic tissue samples (e.g., tumors) [6] and the
emergence of new mutant genotypes within pathogen populations [7].

Detecting chemical damage and DNAmodifications presents an additional challenge. Although
organisms are exposed to a wide array of sources of DNA damage and chemical modification,
only a small fraction of sites in a given DNA sample are damaged [8,9]. Most approaches to
detecting DNA damage (e.g., long quantitative PCR, comet assays, ELISAs, immunoblots, and
liquid chromatography–mass spectrometry) quantify the overall frequency in a sample without
pinpointing modifications at a site-specific level [10–13]. Other techniques such as ligation-
mediated PCR are capable of identifying damage at nucleotide-specific resolution but are
limited to a small number of individual loci and cannot produce genome-wide maps [14,15].
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Glossary
8-oxo-G: abbreviation for 7,8-
dihydro-8-oxoguanine, a chemically
altered form of the base guanine,
which is associated with oxidative
damage and, if not repaired,
commonly misread as a thymine
both in vivo and in sequencing
applications.
Adapter: universal sequence
attached to each DNA fragment in a
next-generation sequencing library.
With Illumina technology, this is used
to anneal fragments to
oligonucleotides on the flow cell,
amplify libraries, index different
samples, and bind sequencing
primers.
Bisulfite sequencing: method to
distinguish between methylated and
unmethylated cytosines based on
treatment with bisulfite, which
converts the latter but not the former
to uracil.
Bulky adducts: large covalent
modifications to DNA molecules
resulting from exposure to damaging
chemicals.
Circle sequencing: form of
redundant sequencing in which
multiple concatenated copies of an
original DNA fragment are produced
by rolling-circle amplification of a
circularized template.
Cyclobutane pyrimidine dimers
(CPDs): covalent linkages between
adjacent cytosine and thymine bases
in a DNA strand, often caused by
exposure to UV light.
Duplex sequencing: a form of
redundant sequence that
distinguishes reads derived from the
two different strands of an original
DNA molecule to more confidently
identify true base-pair substitutions.
Fluctuation test: classic method
introduced by Luria and Delbrück to
measure mutation rates based on
the frequency distribution of mutants
found across replicate cultures of a
microorganism.
Hybrid capture: method to enrich
for desired target sequences by
hybridizing them to complementary
oligonucleotide probes (typically
conjugated to beads or a tag
amenable to affinity-based
purification).
Library construction: process by
which an extracted DNA sample is
converted to a large number of
fragments with appropriate
Meanwhile, DNA sequencing offers a general way to interrogate samples on a genome-wide
basis at nucleotide resolution, but typical sequencing methods do not distinguish between
standard and modified/damaged bases. Collectively, these limitations are of concern because
damage and base modifications do not occur randomly across the genome. Rather, genomic
regions and individual bases vary in their susceptibility to damage and their accessibility to DNA
repair pathways [16,17].

Fortunately, the advances in DNA sequencing technologies that have revolutionized the
biological sciences as a whole have also opened up entirely new possibilities for detecting
mutations and DNA damage with great sensitivity. Here, we review the recent proliferation of
techniques that harness high-throughput DNA sequencing technologies.

High-Fidelity DNA Sequencing
Since the advent of the next-generation DNA sequencing era a little more than a decade ago,
there has been an astonishing increase in the rate of data generation. The sheer scale of current
DNA sequencing technologies is the cornerstone of new methods to identify extremely rare
variants within a DNA sample. At this writing, a single flow cell on an Illumina NovaSeq
instrument can produce 3 Tb of raw DNA sequence, which amounts to sequencing a typical
bacterial genome almost a million times over.

In principle, this depth of sequencing could capture variants segregating at unprecedentedly
low frequencies within a sample. In practice, however, the ability to detect such tiny signals is
impeded by the high level of noise resulting from the error rates of these sequencing technolo-
gies. Rates of incorrect base calls on Illumina sequencing platforms are typically in the range of
0.1–1% and can be even higher in certain positions and motifs [18]. For many sequencing
applications, such as those based on determining a consensus sequence or quantifying read
abundance by mapping to a reference genome, this amount of error is not problematic.
However, for mutation detection, it sets a high noise threshold for identifying rare variants.

There have been extensive efforts in recent years to modify standard Illumina sequencing
protocols to increase their fidelity (Table 1). All such approaches have been guided by a single
principle – redundant sequencing. They use methods to track the individual DNA fragments in
an initial sample and then generate multiple sequencing reads from each of those fragments.
By comparing all reads derived from one original fragment, sequencing errors that only appear
in individual reads can be distinguished from true variants that are found in all reads in that read
family (Figure 1A). The end result is an error rate that is orders of magnitude lower than the
typical baseline for Illumina sequence data. The sensitivity to detect rare variants have been
reported in the range of 10�8 to 10�7 per bp for the most accurate techniques [19–22], with
error rates estimated as low as <10�11 [21]. It is still difficult, however, to assess the full
capabilities and limitations of the various methods because studies have employed different
validation approaches, andmost methods have not yet been pushed to the limit because of the
costs associated with generating the necessary depth of sequencing. Our focus in this review is
on the use of these technologies for detecting mutations in DNA, but analogous redundant-
sequencing approaches are also being used to detect variants in RNA samples for quantifying
transcription error rates [23–25] or variation in populations of RNA viruses [1,26].

Although high-fidelity sequencingmethods are all based on the common principle of redundant
sequencing, they apply different methods to track individual fragments. Most approaches
involve attaching a molecular ‘barcode’ to each DNA fragment (Figure 1A). These barcodes,
often referred to as unique molecular identifiers (UMIs), consist of a random nucleotide
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accessory sequences suitable for a
given DNA sequencing platform (e.g.,
Illumina).
Mutation accumulation line:
breeding design in which extreme
bottlenecks are applied repeatedly to
reduce the effectiveness of selection
and obtain an unbiased sample of
mutations.
Nucleotide-excision repair (NER):
DNA repair pathway in which a short
oligonucleotide sequence is removed
from the damaged strand, leaving
the undamaged strand to serve as a
template for replication.
Read family: population of
sequencing reads that all derive from
the same original DNA fragment after
application of redundant-sequencing
techniques.
Reporter gene: gene with a
selectable/detectable phenotype
when mutated that allows for
screening of large populations and
quantification of mutation rates.
Rolling-circle amplification (RCA):
mode of replication using virus-
derived DNA polymerases that
perform strand displacement and
can produce multiple linearly
concatenated copies from a circular
DNA template.
Sequencing read: individual string
of DNA base calls produced by a
sequencing instrument.
Single-molecule sequencing:
technique by which each single DNA
fragment is directly sequenced (such
as in PacBio and Oxford Nanopore
sequencing) rather than a large
population of amplified copies of an
original fragment (such as in each
cluster on an Illumina flow cell).
Subclonal mutation: variant that is
present in only a (sometimes small)
subset of cells within a tissue sample
such as a tumor biopsy.
Translesion DNA polymerases:
enzymes capable of proceeding with
DNA replication even through regions
of damaged DNA.
Unique molecular identifier (UMI):
randomly generated nucleotide
sequence or barcode that specifically
identifies all library molecules (and
sequencing reads) derived from a
single fragment that was present in
the initial DNA sample.

Table 1. High-Fidelity Sequencing Methods for Variant Detection in a Roughly Chronological Ordering

Method Linked reads Double-stranded Targeteda Refs

SMRTbell Yes Yes Optional [35,80,81]

Safe-SeqS No No Optional: hybrid-capture [27]

Duplex sequencing No Yes Optional: hybrid-capture [19,20,28]

Narayan 2012 No No Yes: PCR targeting [44]

Circle sequencing Yes No No [33]

NOIR No No Yes: PCR targeting [45]

Barcoding-coupled SMRT No No Yes: PCR targeting [82]

BotSeqS No Yes No [21]

CAPP-Seq and iDES No Yes Optional: hybrid-capture [40]

CypherSeq No No Optional: RCA enrichment [46]

Droplet-CirSeq Yes No No [34]

Lee 2016 No No Yes: PCR targeting [32]

MDS No No Yes: PCR Targeting [38]

Alcaide 2017 No Yes Optional: hybrid capture [41]

Asymmetrical barcode adapters No No Optional: hybrid-capture [83]

BiSeqS No Yes Yes: PCR targeting [42]

DEEPER-seq No No Optional: hybrid-capture [48]

o2n-seq Yes No Optional: hybrid-capture [22]

Pro-Seq Yes Yes Optional: PCR targeting [37]

SiMSen-Seq No No Yes: PCR targeting [47]

TEC-Seq No No Optional: hybrid-capture [77]

Yamashita 2017 No No Yes: PCR targeting [84]

muSeq No Yes Yes: restriction digest [43]

aNote that hybrid-capture techniques for locus-specific enrichment could likely be applied to any of thesemethods, but we
have only listed this approach in cases where it was actually performed.
sequence of a specified length [26–28]. Large samples of UMIs can be incorporated into
sequencing adapters/primers by specifying a string of mixed bases from standard commercial
oligonucleotide synthesis services. UMIs can then be attached to sample fragments by either
direct adapter ligation or PCR amplification. The length of the random UMI sequence dictates
the number of unique barcodes that can be produced and the probability of generating and
sequencing two identical barcodes by chance. They are typically between 8 and 14 bp in
length, and in some cases, they are applied in pairs to both ends of each DNA fragment.

A key feature of UMI-based methods that distinguishes them from more conventional next-
generation sequencing is that they rely on overamplification of libraries. Standard Illumina
library construction protocols involve PCR but typically aim to minimize the number of cycles
because sequencing PCR duplicates is considered wasteful [29] and biased PCR amplification
can result in under-representation of genomic regions with unusually high or low GC content
[30,31]. By contrast, UMI-based methods necessitate sequencing of multiple amplified copies
from each read family. Therefore, these methods typically include more amplification cycles
and/or smaller amounts of input DNA. Titrating the amount of amplification cycles relative to the
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The UMI principle and redundant sequencing
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Figure 1. Taxonomy of High-Fidelity Sequencing Methods. (A) Accurate variant detection depends of the principle of redundant sequencing, which is often
achieved by ‘barcoding’ individual DNA fragments with UMIs (which consist of a random series of base pairs and are represented by colored boxes throughout this
figure). After amplification, multiple copies of each original fragment are sequenced to call an accurate consensus that distinguishes true mutations (red circle) from
sequencing or amplification errors (gray squares). (B) The efficiency of redundant sequencing and overall yield can be increased by physically linking amplified copies so
that they can be sequenced together with a single read, which is accomplished through methods such as circle sequencing [33] or o2n-seq [22]. (C) The accuracy of
redundant sequencing can be further increased by tracking both strands from an original DNA fragment, which can be accomplished by barcoding both ends of the
fragments with different UMIs and observing the relative orientation of those UMIs in resulting sequence reads. This method, known as duplex sequencing [28], can
distinguish truemutations from repeatable amplification errors resulting frommisreading of damaged bases (orange starburst) or replication errors in an early PCR cycle.
(D) High-fidelity sequencing methods can be targeted to specific loci of interest (purple) by hybridizing prepared library molecules to custom oligonucleotide probes (left)
[20,40,41,48] or amplifying with locus-specific primers that build in a UMI to each product. In methods such as maximum depth sequencing [38], the typical exponential
library amplification step is preceded by a linear amplification step to mitigate effects of replication errors in early PCR cycles. Abbreviation: UMI, unique molecular
identifier.
amount of input material and planned sequencing depth is often required to optimize the
number of reads per family [19]. Too little amplification results in insufficient redundancy and a
failure to obtain high-quality consensus sequences, whereas toomuch amplification results in a
small number of families and low total yield. Given the reliance on many PCR cycles, it can be
especially important with these methods to use DNA polymerases that exhibit lower levels of
amplification bias, such as KAPA HiFi or NEB Q5 rather than Phusion [30–32].

There are also alternatives to the use of UMIs for tracking individual DNA fragments. For
example, one method is to use the position of the breakpoints introduced during DNA
4 , Month Year, Vol. xx, No. yy
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fragmentation as endogenous barcodes to group sequencing-read families derived from the
same original fragment [21,33]. Another approach is to generate circularized DNA molecules,
which can be used as a template for rolling-circle amplification (RCA) or other forms of
strand-displacement replication [22] to generate linear molecules with multiple concatenated
copies of the same original fragment (Figure 1B) [33,34]. Multiple concatenated copies can then
be sequenced within a single Illumina read. Circularized DNA molecules can also be analyzed
on Pacific Biosciences (PacBio) sequencing platforms (i.e., SMRTbells), which are capable of
doing multiple sequencing ‘laps’ around the same circle [35]. In these cases, the redundant
sequence copies emerge from the same physical library molecule rather than multiple distinct
library molecules carrying the same barcode, obviating the need to track reads with UMIs
(though theremay still be a benefit to using UMIs with some of thesemethods in order to identify
and remove nonindependent read families [36]).

Differentiating Features of High-Fidelity Sequencing Methods
The recent proliferation of high-fidelity sequencing methods leaves researchers with numerous
choices (Table 1), and the best method will depend on the specific needs of a project because
tradeoffs abound between accuracy, yield, and cost. Therefore, it is important for researchers
to understand some of the key features that differentiate the available methods. In this section,
we describe the major dimensions that define the taxonomy of high-fidelity sequencing
technologies and their respective pros and cons.

Physically Linked Reads versus Free Reads
When total sequencing yield is of primary importance for a project, the efficiency of the method
used to obtain redundant read families should be a key consideration. Sampling variance and
amplification bias introduce inherent inefficiencies (i.e., wasted reads) into approaches that
achieve redundant sequencing by (over)amplifying barcoded library molecules. Although the
amount of amplification can be set to produce a preferred average number of reads per family,
there is inevitably a wide range of coverage, resulting in many families with an unnecessarily
large number of reads and others with too few to build [221_TD$DIFF]a high-confidence consensus sequence.
For example, even when optimized, some of these sequencing methods result in a �40-fold
reduction of usable consensus sequence relative to the raw quantity of sequence data that are
generated [19]. As described above, onemeans to address this shortcoming is to physically link
(i.e., concatenate) amplified copies of the same original DNA fragment in a single library
molecule, using methods such as circle sequencing [1,33,34], o2n-Seq [22], or Pro-Seq
[37] (Figure 1B). By doing so, each individual sequence read provides redundancy without the
inefficiency of randomly sampling from a pool of overamplified library molecules, resulting in
higher yields. One disadvantage of circle sequencing is that the RCA step creates another
opportunity for biased amplification, exacerbating variation in coverage across a genomic
sample. Therefore, obtaining more even representation through methods such as emulsion
PCR has been a goal of recent modifications to sequencing protocols [22,34,37]. Overall, circle
sequencing and related methods that generate physically linked read families are the preferred
means to obtain the largest possible yields of consensus sequence.

Double-Stranded versus Single-Stranded Methods
When the highest levels of accuracy are demanded, methods that combine information from
both strands of each original DNA fragment can achieve the lowest possible error rates, but
they come at the expense of lower efficiency and total yield. The premise of high-fidelity
sequencing methods is that multiple independent copies of the same DNA fragment enable
unbiased and error-free reconstruction of the original sequence. This premise is often violated,
however, because damaged bases can be repeatedly misread (e.g., oxidatively damaged Gs
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being misread as Ts [33,38]) such that DNA damage is conflated with true base-pair sub-
stitutions [39]. Indeed, sequencing errors resulting from damaged nucleotides can have
dramatic effects on estimates of the rate and spectrum of mutations [28,33]. One way to
more reliably distinguish actual sequence variants is to independently track the two different
strands from each original double-stranded DNA fragment (Figure 1C). Variants that are
detected on one of the strands but not the other are likely the result of a damaged base
(or other artifacts such as errors in one of the very first PCR cycles), whereas true mutations
should be found in both complementary read families.

One of the most widely applied double-stranded methods is known as duplex sequencing
and involves attaching UMIs to both ends of a DNA fragment [19,20,28], an approach that has
also been adopted in subsequent protocols [40,41]. As a result, both complementary strands
carry the same two UMIs, but their strand-specific read families can be distinguished based on
the relative orientation of those UMIs. The drawback of this higher-fidelity approach is that it
exacerbates the inefficiencies associated with random sampling (see previous section). To
achieve a double-stranded consensus sequence, redundant reads must now be recovered for
two read families, corresponding to the two different strands of the original DNA fragment. As a
result, yields from double-stranded consensus sequences are much lower than those from
single-stranded consensus sequences [28,40]. Other double-stranded methods include Pac-
Bio SMRTbells [35], in which both strands of a DNA fragment are integrated into a circular
single-stranded molecule. Also, BiSeqS [42] and muSeq [43] use partial bisulfite treatments to
convert a random subset of Cs to Ts to differentiate sense and antisense strands (note that
additional information from UMIs or endogenous barcodes would be needed to trace individual
reads back to both strands from the same original DNA fragment, which has not yet been
implemented in BiSeqS). One limitation of these related approaches is that the C-to-T changes
introduced by bisulfite treatment raise obvious challenges for quantifying real C-to-T changes.
Finally, an alternative technique to reduce the effects of DNA damage with single-stranded
methods is to treat samples with DNA repair enzymes such as formamidopyrimidine[222_TD$DIFF]-DNA
glycosylase (Fpg) and uracil-DNA gylcosylase (UDG), which recognize and remove themodified
bases 8-oxo-G and uracil, respectively, prior to PCR and library construction [33,38,39].

Locus-Specific versus Genome-[223_TD$DIFF]Wide Methods
The simplest applications of high-fidelity sequencing methods involve random fragmentation
and sequencing of entire DNA samples. However, there is growing interest in methods
targeting specific regions within the genome such that extreme sequencing depths can be
obtained for individual loci, and site-specific mutation frequencies can be quantified down to
very low levels [20,32,38,40,41,44–48]. Choosing among such methods allows researchers to
weigh the tradeoffs between obtaining genome-wide information and achieving maximum
possible sampling depth for specific loci of interest. Two different general approaches have
been applied to target individual loci and still achieve a degree of redundancy by sequencing
multiple reads per original DNA copy (Figure 1D). First, many of the library constructionmethods
that we have described thus far have been successfully paired with hybrid capture
approaches to highly enrich for specific loci that bind to custom-designed complementary
oligonucleotide probes [20,40,41,48]. Second, locus-specific PCR or RCA primers can be
used to amplify desired regions. For PCRmethods, UMIs are typically appended to the primers
and primer-extension steps are performed to individually barcode DNA copies prior to subse-
quent exponential (and sometimes linear) amplification steps [32,38,45,47]. The value of
including an initial linear-amplification step (i.e., a PCR-like process but with only a single
primer) is that multiple independent copies can be generated from the same original template
molecule before those copies are amplified themselves by traditional exponential PCR [38]. This
6 , Month Year, Vol. xx, No. yy
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additional step reduces the probability that errors in early amplification cycles could propagate
to high enough frequencies to be misinterpreted as true mutations. PCR-based targeting has
also been performed without incorporation of UMIs by splitting samples into subsamples prior
to amplification, under the premise that variants detected in all subsamples can be considered
true mutations [44]. Finally, targeted RCA has been applied as part of a protocol known as
CypherSeq, using DNA fragments that already contain ligated UMIs within a circular vector [46].
Although most methods that use PCR or RCA for locus-specific targeting are not double-
stranded techniques (Table 1), the choice of primers can allow users to determine which single-
strand is being assayed in some cases (e.g., [38,46]).

Methods for Detection of Damaged or Chemically Altered Nucleotides
The advent of sequencing methods that can produce genome-widemaps of DNA damage and
base modifications – in many cases down to single-nucleotide resolution – has provided a new
toolkit for studying mechanisms of damage and repair. Studies employing such methods have
made it clear that DNA damage and repair processes vary widely across the genome and can
be associated with key molecular features such as nucleosome occupancy and transcription
factor binding [16,17]. In this section, we describe the current landscape of sequencing
technologies being used to detect DNA damage and chemical/epigenetic modifications at
single-nucleotide resolution [13,49].

Short-Read Methods
Deep-sequencing approaches to examine genome-wide variation in DNA damage and repair
(Table 2) are centered on twomain concepts. The first is what we refer to as end marking or the
use of techniques that can identify the exact nucleotide position of DNA damage by capturing it
at the very end of a sequenced DNA fragment. Multiple approaches have been used to achieve
end marking. For example, methods such as Damage-seq [50,51] take advantage of the fact
that many forms of DNA damage such as bulky adducts block the processivity of DNA
polymerases [12]. Because DNA synthesis will halt at the base immediately adjacent to a
Table 2. Sequencing-Based Methods to Detect DNA Damage and Modified Bases

Method Type Refs

(HS-)Damage-Seq End-marking based on damage that blocks DNA polymerase processivity [50,51]

Cisplatin-Seq End-marking based on damage that blocks DNA polymerase processivity [85]

CPD-seq End-marking based on induced strand-breaks at damaged sites [58]

Excision-seq End-marking based on induced strand-breaks at damaged sites [57]

emRiboSeq/EndoSeq End-marking based on induced strand-breaks at damaged sites [54,56]

HydEn-seq End-marking based on induced strand-breaks at damaged sites [52]

ribose-seq End-marking based on induced strand-breaks at damaged sites [55]

Pu-seq End-marking based on induced strand-breaks at damaged sites [53]

NMP-seq End-marking based on induced strand-breaks at damaged sites [59]

(t)XR-seq Sequencing of excised oligonucleotides undergoing NER [60–62]

BS-Seq Bisulfite sequencing to detect methylated cytosines [63]

PBAT Bisulfite sequencing to detect methylated cytosines [64]

MethylC-seq Bisulfite sequencing to detect methylated cytosines [65]

Interpulse duration Analysis of polymerase kinetics in PacBio Single-molecule sequencing [66–68]

Nanopore sequencing Measurement of differences in ionic current at each base when passing
DNA or RNA strand through nanopore

[69–75]
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Figure 2. Alternative Sequencing-Based Methods for Detection of DNA Damage. (A) Because many forms of damage block DNA polymerase processivity,
the endpoints of primer extension products can precisely mark the position of damaged sites, with methods such as Damage-seq [50,51]. (B) An alternative means of
end marking damaged sites is by introducing a strand break with an endonuclease that targets specific types of damage and then converting the resulting fragments
into sequencing libraries (EndoSeq) [54]. EndoSeq is part of a family of related methods that introduce strand breaks with either enzymatic or chemical treatments
[52,53,55–58]. (C) In addition to detecting damaged sites that are still present in genomic DNA, single-stranded fragments that have already been removed by NER
pathways and are still associated with repair proteins such as transcription factor II H (TFIIH) can be identified with methods known as XR-seq and tXR-seq [60,62].
Abbreviations: NER, nucleotide excision repair; TFIIH, [218_TD$DIFF]transcription factor II H.
damaged site, capturing and sequencing DNA fragments from interrupted primer extensions
can pinpoint the precise locations of damaged nucleotides (Figure 2A). Alternatively, DNA
strand breaks can be introduced at damaged/modified sites with specific enzymatic treatments
or by alkaline hydrolysis (Figure 2B). Deep sequencing the fragments resulting from such
treatments has led to the successful generation of genome-wide maps for the distribution of
ribonucleotides [52–56], uracil [57], cyclobutane pyrimidine dimers (CPDs) [57,58], and
methyl methanesulfonate-induced DNA damage [59]. The common theme underlying these
end-marking strategies is that the resulting libraries map location of DNA damage and
modifications based on the precise endpoint of each sequenced fragment.

The second key concept in the development of sequencing-based methods to assay DNA
damage and repair is that excised oligonucleotide fragments that are removed from the
damaged strand via nucleotide-excision repair (NER) pathways can be isolated by immu-
nopurification (Figure 2C). For example, because these excised oligonucleotides remain
associated with key repair proteins such as [224_TD$DIFF]transcription factor II H (TFIIH) in humans,
immunoprecipitation (IP) of these proteins can recover the corresponding population of
damaged oligonucleotides for subsequent sequencing [60]. Specific forms of damage can
be captured with the use of lesion-specific antibodies in additional purification steps. In fact,
8 , Month Year, Vol. xx, No. yy
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adaptation of this approach to E. coli has used direct antibody-mediated purification of
oligonucleotide fragments containing CPDs without any targeting of an associated protein
(though the lack of a protein IP target like TFIIH in humans may reduce the specificity and
integrity of captured excision-repair products) [61]. Because damage generally inhibits DNA
replication, it must be repaired with specific enzymatic or chemical treatments [50,60] or
bypassed with translesion DNA polymerases [62] prior to sequencing. We emphasize that
these methods target damaged sites that have already been removed by NER pathways,
thereby offering a way to measure active repair. By coupling these approaches with methods
such as Damage-seq, they can help distinguish the otherwise confounded effects of the initial
distribution of damage across the genome versus local variation in repair activity [16].

Damaged nucleotides can also affect base calls in sequencing datasets. As noted earlier,
treatment of DNA samples with repair enzymes can dramatically reduce the apparent rate of
nucleotide substitutions (e.g., G-to-T changes resulting from misreading of 8-oxo-G)
[33,38,39]. Although these repair-enzyme treatments are typically viewed as a means to
remove artifacts in mutation-detection studies, comparing base calls between treated and
untreated samples can also provide a method to localize specific forms of DNA damage. Such
comparisons would be akin to classic methods such as bisulfite sequencing, in which
differences between treated and untreated samples are used to identify the positions of
methylated cytosines. Like the aforementioned assays of DNA damage and repair, the use
of bisulfite treatments to quantify DNA methylation patterns has been scaled up to deep-
sequencing and genome-wide applications [63–65].

Long-Read, Single-Molecule Methods
Because conventional short-read sequencing methods such as Illumina require amplification
steps, chemical modifications in an original DNA sample (e.g., methylation) are effectively
erased by in vitro DNA replication. As described above, specialized library-construction pro-
tocols for these platforms can be used to indirectly identify modified or damaged sites. An
alternative approach is to utilize single-molecule sequencing technologies that directly
analyze the original molecules in a DNA sample without any prior amplification. For example,
Table 3. Applications of Sequencing-Based Methods to Detect Rare Variants and DNA Damage/Modification

Application Use of sequencing technique allows Refs

Design cancer treatments � Identification of subclonal variants
� Better understanding of causes and progression of disease

[6,86]

Non-invasive medical screening � Accurate sequencing of small amounts of circulating cell-free DNA
� Assessment of cancer therapy success (circulating tumor DNA)
� Monitoring of organ transplant rejection (graft-derived cell free DNA)
� Identification of genetic abnormalities (circulating fetal DNA in mother)

[40,41,44,45,77,83,87]

Inform immunization strategies � Understanding risk of mutagenesis in existing viruses
� Strategies to reduce risk of vaccine mutagenesis/virulence potential

[1,7,88]

Identify disease risk � Determine DNA repair capacity in individuals as an indicator of disease risk [89]

Measure toxin effects � Assessment of mutagenicity in environmental samples
� Quantification of mutagenic potential of known substances

[90]

Study mechanisms and rates of mutation � Measurements of mutation rate and spectrum
� Determination of error rates in polymerases and DNA repair enzymes
� More accurate characterization of diversity at molecular level

[1,32,38]

Create informed models of evolution � Precise determination of patterns of viral mutation and sequence evolution [1,3,91]
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Outstanding Questions
Can high-fidelity methods be extended
to long-read DNA sequencing? Cur-
rent applications are largely limited to
the detection of base substitutions and
small indels. Long-reads have the
added potential to link clustered muta-
tions and identify large structural var-
iants, but current technologies (PacBio
and Oxford Nanopore) are hindered by
high error rates.

Can input requirements be reduced?
Many potential applications of high-
fidelity sequencing and damage detec-
tion would focus on small tissue sam-
ples and DNA quantities. Although
redundant-sequencing generally ‘bot-
tleneck’ samples through a small num-
ber of DNA copies to achieve the
necessary repetitiveness, many proto-
cols still require large initial quantities of
DNA.

Can cross-contamination be pre-
vented? The sensitivity of new meth-
ods poses greater risks for bias
associated with even low rates of
cross-contamination, which is a grow-
ing concern given that the newest Illu-
mina sequencing platforms appear to
suffer from high rates of chimeric
amplification artifacts that can lead to
misassignment of reads among
pooled (i.e., multiplexed) libraries.

Can yields be increased for double-
stranded sequencing? Methods such
as circle sequencing and duplex
sequencing have improved sequence
yield and accuracy, respectively. How-
ever, no method has yet been able to
fully combine the benefits of these
approaches.

Can library-construction artifacts be
eliminated? The sensitivity of current
sequencing methods makes them
prone to low-frequency errors intro-
duced in vitro. For example, sequence
variants can be introduced during end-
repair following DNA fragmentation
such that some data-analysis pipelines
must ignore any variants near fragment
ends. DNA-damage assays must [225_TD$DIFF][226_TD$DIFF]also
contend with any modifications intro-
duced during DNA isolation, enzymatic
steps, and mechanical shearing.
PacBio sequencing has been used to detect diverse types of base modifications and DNA
damage by quantifying their effects on DNA polymerase kinetics [66,67]. During DNA replica-
tion, a given chemical modification can alter the amount of time associated with nucleotide
incorporation (known as the interpulse duration in PacBio sequencing) in a characteristic and
measureable way. The same principle has been applied to detect ribonucleotide base mod-
ifications by examining the kinetics of reverse transcriptases acting directly on RNA templates
[68].

Nanopore-based sequencing (e.g., Oxford Nanopore Technologies) is another single-molecule
technique, in which sequence information is obtained by passing a DNA or RNA strand through
a nanopore and measuring the associated ionic current, which differs depending on the
nucleotide present at each position. Base modifications can be detected because of their
characteristic effects on ionic current in both DNA [69–73] and RNA [74,75]. Therefore,
nanopore technology offers the tantalizing potential for direct, physical observation of DNA
modifications and damage at single-nucleotide resolution.

Despite their obvious potential in this field, single-molecule approaches are still arguably
underutilized and represent an important gap in the current methodological toolkit. If the
(currently high) error rates and sequencing costs continue to decline, applications of these
technologies for detecting damage as well as rare variants may expand tremendously.

Applications and Future Development
The enormous number of related sequencing protocols that have been released in short
succession (Tables 1 and 2) highlight the rapid progress and active development in this field.
Nevertheless, current methods still have significant limitations, and there are a number of clear
prospects for further improvement related to increasing yield and read-lengths, reducing input
requirements, and preventing cross-contamination and in vitro artifacts (see Outstanding
Questions). Continued development in this field, including use of bioinformatic/statistical
error-correction methodologies [40,76–78] and even design of entirely new sequencing plat-
forms [79], should continue to broaden usage.

To date, applications of these sequencing techniques (Table 3) have centered largely on clinical
and biomedical aims, particularly those related to cancer biology such as detection of circu-
lating tumor DNA and subclonal mutations within tumors. They are also playing an ever-
increasing role in basic-research efforts to elucidate the molecular mechanisms of DNA
damage, mutation, replication, and repair. We expect applications to further expand into other
disciplines because of the general utility of being able to accurately detect mutations and DNA
damage at low frequencies. For example, in the field of forensics, biological materials can be
chemically damaged/degraded and heavily contaminated with DNA from multiple sources,
posing significant challenges to obtaining accurate genotypes. Likewise, ancient DNA
sequencing has become a thriving area of research, but it faces similar challenges because
samples are often dominated by modern-DNA contamination and subject to effects of long-
term degradation (e.g., cytosine deamination). The technologies we have described in this
review offer the exciting prospect of separating signal from such noise.
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