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Massively parallel sequencing technologies have long been used in both basic research and clinical routine. The
recent introduction of digital sequencing has made previously challenging applications possible by significantly
improving sensitivity and specificity to now allow detection of rare sequence variants, even at single molecule
level. Digital sequencing utilizes unique molecular identifiers (UMIs) to minimize sequencing-induced errors and
quantification biases. Here, we discuss the principles of UMIs and how they are used in digital sequencing. We

outline the properties of different UMI types and the consequences of various UMI approaches in relation to
experimental protocols and bioinformatics. Finally, we describe how digital sequencing can be applied in specific
research fields, focusing on cancer management where it can be used in screening of asymptomatic individuals,
diagnosis, treatment prediction, prognostication, monitoring treatment efficacy and early detection of treatment

resistance as well as relapse.

1. Introduction

Our understanding of human physiology and pathological conditions
has advanced substantially the last few decades due to development of
methods that enable analysis of nucleic acids. Two of the most
commonly used technologies applied in basic research and clinical
routine are quantitative PCR and massively parallel sequencing. Quan-
titative PCR is simple and cost-effective, but analysis is limited to a few
target sequences. In contrast, sequencing has an advanced experimental
workflow that enables analysis of entire genomes but at a higher cost.
Both PCR- and sequencing-based methods allow detection of individual
molecules. However, they lack the sensitivity to detect rare sequence
variants in large backgrounds, being limited to detect variant allele
frequencies higher than ~1% due to polymerase-induced errors intro-
duced during amplification and sequencing (Fox et al., 2014; Stead
et al.,, 2013; Xu, H. et al., 2014). In several emerging applications, such
as circulating tumor-DNA analysis (Cescon et al., 2020) and immune
repertoire profiling (Johansson et al., 2020), a sensitivity to assess
variant allele frequencies <0.1% is often crucial for optimal clinical
interpretation. This issue was addressed with the introduction of digital
PCR and digital sequencing that were developed to facilitate robust

detection of low variant allele frequencies, even the detection of indi-
vidual molecules with specific nucleotide variants, i.e., digital approach.
Like quantitative PCR, digital PCR is only suitable for analysis of single
or few target sequences. Conversely, digital sequencing enables assess-
ment of far larger numbers of target sequences. Besides superior sensi-
tivity, digital approaches also provide more accurate quantification of
target molecules, since they minimize technical biases that are associ-
ated with conventional PCR and sequencing. The pros and cons of the
different methods are illustrated in Fig. 1. In this review, we outline the
principles of digital sequencing, discussing its potentials and limitations
and illustrate how it can be used with examples from applications in
cancer management.

1.1. Types of unique molecular identifiers

Digital sequencing utilizes unique molecular identifiers (UMIs), also
known as molecular barcodes, to minimize the technical noise and
biases inherent to sequencing. The concept of UMIs was introduced two
decades ago (Hug and Schuler, 2003) and has been experimentally
implemented along with the development of new sequencing ap-
proaches. The UMI is a random DNA sequence that labels each template
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Fig. 1. Basic characteristics of PCR- and sequencing based methods. The
relative level of sensitivity, cost-effectiveness and simplicity as well as relative
number of target sequences are shown in relation to the performance of
quantitative PCR, digital PCR, sequencing and digital sequencing. Image
created with BioRender.com.

DNA molecule of interest (Fig. 2A). During library construction, the UMI
is amplified alongside the targeted sequences. Thus, following
sequencing, all sequence reads with identical UM], i.e., members of the
same UMI family, originate from the same template DNA molecule.
Bioinformatically, all reads in a UMI family are collapsed into a
consensus read that enables both correction of polymerase-induced er-
rors as well as minimization of quantification biases, also known as PCR
duplicates. As the removal of technical polymerase-induced errors, such
as single nucleotide variants, inserts and deletions, relies on consensus
reads containing several members, the correction of
polymerase-induced errors is only possible when each original DNA
molecule has been sequenced multiple times.

The UMI may already exist in template DNA, i.e., endogenous UMI,
or can be introduced experimentally, i.e., exogenous UMI. Digital
sequencing may use either one or both types of UMI in combination.
Different aspects of endogenous UMIs can be used. One alternative is to
exploit that the template DNA is naturally fragmented within the body
during and after cell death (Bronkhorst et al., 2019; Heitzer et al., 2020).
For instance, cell-free DNA in blood is rapidly degraded, where
nucleosome-protected DNA remains intact for a longer time than DNA
that is not associated with histone complexes. DNA fragmentation can
also be artificially performed before library preparation. Regardless of
how fragmentation is attained, DNA breaks will occur at different lo-
cations and result in fragments with varying start and stop positions as
well as sizes. Another subtype of endogenous UMIs is genomic sequences
that are differentially recombined among cells. V(D)J recombination in
B and T cells are somatic variations that give rise to unique clones, where
each individual rearrangement can be viewed as a UMI (Bolotin et al.,
2015; Johansson et al., 2020; Wu, D. et al., 2012). Endogenous UMIs can
also be experimentally introduced by converting unmethylated cytosine
nucleotides to uracil with a bisulfite conversion step before library
construction (Mattox et al., 2017). Exogenous UMIs typically consist of
6-12 nucleotides long randomized sequences that are experimentally
attached to target DNA at either the 5~ or 3'-end, alternatively at both
ends. Several additional concepts exist to utilize endogenous and
exogenous UMIs, either individually or in combination.
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1.2. Properties of unique molecular identifiers

To enable sequencing error correction, the pool of specific UMIs, i.e.,
the UMI diversity, needs to be substantially larger than the number of
analyzed DNA molecules to reduce the risk of UMI collisions, i.e., the
probability that two or more template molecules are labeled with
identical UMIs. The diversity of endogenous UMIs is challenging to es-
timate since DNA fragmentation as well as DNA recombination are both
dependent on processes that are not completely arbitrary. In compari-
son, the theoretical diversity of exogenous UMIs can easily be calculated
from the UMI length and the number of nucleotide types each given
position is allowed to have, where Diversity = 42umber of fully randomized
nucleotides g example, to reach a diversity over 10°, ten fully random-
ized nucleotides are needed. In contrast, if only two types of nucleotide
bases are allowed, twice the UMI length is required to achieve the same
diversity. If the UMIs are attached to both ends of the DNA strand, the
diversity is calculated from the total sum of all nucleotides present at
both UMI segments. However, the practical diversity of exogenous UMI
is normally considerably lower than the theoretical. This is partly
because all oligonucleotide variants are not generated to the same extent
during chemical oligonucleotide synthesis (Filges et al., 2021). While
long UMIs offer higher diversity than short, they are experimentally
more challenging to work with since random sequences are prone to
interact with each other, generating unspecific library products that may
consume significant sequencing resources or even cause library con-
struction and sequencing to fail altogether, especially in samples with
limited amount of DNA (Stahlberg et al., 2016). Another drawback,
although negligible in most applications, is that longer UMIs requires
additional cycles during sequencing to read through the UMI itself.
Thus, the UMI length should be selected based on application and to
avoid the risk of UMI collisions (Fig. 2B and C). For instance, the
assessment of cell-free DNA in liquid biopsies is often limited to 5-40 ng
DNA per sample, and thereby do not generally need as high UMI di-
versity as analysis of most standard tissue biopsies that provide several
micrograms of DNA.

While digital sequencing corrects for sequencing errors in the DNA of
interest, it cannot correct for polymerase-induced errors in the UMI
sequence itself during library generation and sequencing, which ulti-
mately will result in false UMIs. Examples of this are imbalanced GC-
content and homopolymer sequences that are known to perform
poorly in sequencing. To overcome these issues, the UMI designs may
include nucleotides that are not fully randomized to eliminate sequences
that are especially prone to give rise to errors (Johnson et al., 2023;
Karst et al., 2021). The drawback is that these strategies result in longer
UMIs to maintain diversity. Overall, the optimal UMI design is poorly
studied using experimental data.

1.3. Unique molecular identifiers enable digital sequencing

There is a continuous increase of digital sequencing approaches
(Table 1). They utilize different experimental protocols to suit specific
needs, ranging from targeting individual DNA sequences to entire ge-
nomes (Salk et al., 2018). Most digital sequencing methods are either
PCR- or ligation-based and utilize exogenous UMIs. Regardless method,
the UMI should label target DNA as early as possible in the library
construction to minimize sequencing errors. In PCR-based methods,
UMIs are incorporated as a part of the primers that target DNA se-
quences of interest. Conversely, in ligation-based approaches all DNA is
labeled with adapters containing UMIs by a ligation step, where se-
quences of interest often are enriched by a subsequent
hybridization-capture step. Fig. 3 shows the experimental principles of
SiMSen-Seq and DupSeq, as examples of PCR- and ligation-based ap-
proaches, respectively. The labeling with exogenous UMIs can occur on
either single-stranded or double-stranded DNA molecules, where the
latter allows for higher confidence in variant calling as
polymerase-induced errors are unlikely to appear in both DNA strands at
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Consensus sequence generation

CCCAGGACAGGCACAGTGGTGAGG
CTTAGCTACCCAGGACAGGCACAGTGGTGAGG
CTTAGCTACCCAGGACAGGCACAGTGGTGAGG
CTTAGCTACCCAGGACAGGCACAGTGGTGAGG
CTTAGCTACCCAGGACAGGCACAGTGGTGAGG

Reference sequence
Reads with UMI 1

CCCAGGACAGGCACAGTGGTGAGG Consensus read 1

GTCCCAGTCCCAGGACAGGCACAGAGGTGAGG
GTCCCAGTCCCAGGACAGGCACAGAGGTGAGG
GTCCCAGTCCCAGCACAGGCACAGAGGTGAGG
GTCCCAGTCCCAGGACAGGCACAGAGGTGAGG

Reads with UMI 2

CCCAGGACAGGCACAGAGGTGAGG  Consensus read 2

AGGAACCTCCCAGGACAGGCACAGTGGTGAGG
AGGAACCTCCCAGGACAGGCACAGTGGTGAGG
AGGAACCTCCTAGGACAGGCACAGTGGTGAGG
AGGAACCTCCTAGGACAGGCACAGTGGTGAGG

Reads with UMI 3

CCCAGGACAGGCACAGTGGTGAGG  Consensus read 3
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TTCCATGTCCCAGGACAGGCACAGTGGTGAGG cadswi

CCCAGGACAGGCACAGTGGTGAGG  Consensus read 4

C D

< DNA amount (ng) DNA amount (ng)

o

-~ ® < o Example 1

% NN O S ® < TN KRR n=100

S @ ATCTGTGTCCTG n=105
2100 3 100 ATCTGTGTCCTG
= E n=2 n=3

QL 75 @ 75 UMI length ATCTGTGTACTG ATCTGTGTCCCG

E"_ g —

5 0 .5 20 =8 Example 2

© = 9

. @ n=100 _

L 3 o5 = 10 GTAGGTCCTAAG n=100

= 8 - 12 n=10 | GTAGGTCCTAAG n=111
@ 2 GTAGGTCATAAG n=11  GTAGGTCCTAAG
5 0 2 0 n=1 | GTAGGTCATAAG

(5]

s e @QQ QQQQ Q@Q Q@Q S AR ,900 S Q@Q @“0 SR

3 N N O o N < N

2 ESIRN IR

o

Number of molecules Number of molecules

Fig. 2. The concept and properties of UMIs in digital sequencing. (A) A conceptual overview of four identical target DNA sequences (gray) labeled with exclusive
UMIs at respective 5-end before amplification (purple, green, blue and red). An example with specific nucleotide sequences after sequencing is shown to the right.
Reads are bioinformatically collapsed into consensus reads based on their UMI The true variant (indicated by a red cross or letter) is present in all amplified
molecules, while the false variant (green cross or letter) is only present in a subset of amplified molecules. (B) The probability of UMI collisions. The probability that a
specific DNA molecule will be labeled by a UMI identical to that of another DNA molecule is shown in relation to different UMI lengths and number of molecules,
where 1 ng of human DNA corresponds to approximately 310 haploid genome equivalents (Piovesan et al., 2019). The probability of UMI collision is calculated as 1 —

(%)k, where n is the number of possible UMIs (4"umber of fully randomized nucleotidesy 4§ k 5 the number of molecules. This risk of DNA collision is neglectable for UMI

lengths >10 when analysis is restricted to a few thousand molecules. (C) The probability that any two or more DNA molecules in the sample will be labeled with
identical UMI as a function of UMI lengths and number of molecules. The probability of any UMI collision is approximated with the formula 1 — e%, where n is the
number of possible UMIs (4"umber of fully randomized nucleotidesy 4nq k js the number of molecules (Flajolet et al., 1992). For example, in a sample with in total 1000
molecules, the risk that two molecules are labeled with identical UMI is 99.95%, 37.9% and 2.9%, using UMI length 8, 10 and 12, respectively. Note that the risk of
UMI collision is relatively high for most conditions. However, the practical impact of this is limited for most digital sequencing applications since they generally aim
to detect rare or even individual molecules, making the case scenario in subplot B with a single molecule more relevant. (D) Bioinformatical UMI clustering. There are
several strategies to cluster UMIs. Most algorithms use an edit distance of one, i.e., the maximum allowed difference between two connected UMIs is at most one
mismatch or insertion/deletion (Smith et al., 2017). The most frequent UMI variant is referred to as a centroid and it is to this other less frequent UMIs are collapsed
into. The figure shows two different examples of UMI clusters where the edit distance threshold is set to a value of one. The number of each UMI variant is shown
above each sequence.

the same position. Some methods also attach multiple UMIs per original
DNA fragment to simplify the experimental workflow (Cohen et al.,
2018; Newman et al., 2016; Sagitov and Stdhlberg, 2023; Stahlberg
et al., 2017). A majority of digital sequencing protocols also utilize
high-fidelity DNA polymerases in library construction to further reduce
errors in target DNA sequences as well as in the UMI sequence. It should
be noted that the use of UMISs is far superior to that of any high-fidelity
DNA polymerase to minimize sequencing errors in library construction
and sequencing (Filges et al., 2019). The use of UMIs allows elimination
of almost all sequencing errors, but no digital sequencing method can
correct for technical errors that may occur before sequencing, e.g., errors
that are introduced during sample ageing, tissue fixation (Do and
Dobrovic, 2015; Zimmermann et al., 2008) and other pre-analytical
steps (Chen et al., 2017; Costello et al., 2013).

Besides choice of UMI type, there are several other factors that need
to be taken into consideration when choosing optimal digital sequencing
approach. Among these are DNA quantity and quality, size of target DNA
panel to be assessed, sensitivity and specificity to detect low variant
allele frequencies, simplicity of workflow, analytical turnaround time
and cost per sample. PCR-based methods tend to have less complex and
time-consuming experimental workflow than ligation-based methods,
especially if hybridization-capture is used to enrich target sequences.
However, the effort to develop de novo PCR-based gene panels increases
with the total size of target DNA sequences. Hence, PCR-based ap-
proaches are mostly used for small to medium sized gene panels (ranging
from 102 to 10° target nucleotides), whereas a ligation-based method is
the preferred choice for medium to large gene panels (ranging from 10*
to 10° target nucleotides). Depending on sample properties, DNA
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Table 1
Examples of digital sequencing approaches.
UMI type® Method Sequencing Reference
approach
Ligation based"”
Exogenous CODEC Targeted Bae et al., 2023
WGS
Exogenous MAESTRO Targeted Gydush et al., 2022
Exogenous SSM-Seq WGS Maslov et al., 2022
Exogenous NanoSeq WGS Abascal et al., 2021
Targeted
Exogenous SaferSeqS Targeted Cohen et al., 2021
Exogenous SLHC-Seq Targeted Liu et al., 2019
Exogenous TARDIS Targeted McDonald et al., 2019
Exogenous cfDNA-Seq Targeted Mansukhani et al., 2018
Exogenous DEEPER-Seq Targeted Wang et al., 2017
Exogenous TrUMIseq WGS Hong and Gresham,
Targeted 2017
Exogenous CypherSeq WGS Gregory et al., 2016
Targeted
Exogenous NOIR Targeted Kukita et al., 2015
Exogenous DupSeq WGS Kennedy et al., 2014;
Targeted Schmitt et al., 2012,
2015
Exogenous & LTC Targeted Pel et al., 2018
Endogenous
Exogenous & TEC-Seq Targeted Phallen et al., 2017
Endogenous
Exogenous & iDES Targeted Newman et al., 2016
Endogenous
Exogenous & BotSeqS WGS Hoang et al., 2016
Endogenous
Endogenous Safe-SeqS Targeted Kinde et al., 2011
Endogenous Subassembly WGS Hiatt et al., 2010
PCR-based"”
Exogenous SiMSen-Seq Targeted Stahlberg et al., 2016
Exogenous MIPSTR Targeted Carlson et al., 2015
Exogenous smMIP Targeted Hiatt et al., 2013
Exogenous Narayan et al. Targeted Narayan et al., 2012
(2012)
Exogenous Safe-SeqS Targeted Kinde et al., 2011
Exogenous BiSeqS Targeted Mattox et al., 2017

WGS, whole genome sequencing.
@ UMI type indicated in original study is shown.
b Approach to incorporate UMI in original study is shown.

quantity and quality may vary substantially, where not all digital
sequencing approaches are equally suitable. Freshly collected and pro-
cessed samples from cell cultures, blood buffy coats and tissues often
yield large amounts of intact DNA. In comparison, extractions from cell-
free liquid biopsies, forensic and environmental samples generally result
in minor DNA amounts that are also often highly fragmented. Some
sample types, moreover, regularly contain inhibitors that affect down-
stream enzymatic reactions, e.g., library construction (Sidstedt et al.,
2020). High sensitivity refers to the ability to detect true variants, ie.,
identification of molecules with variant sequences in a wildtype back-
ground. Importantly, though often overlooked, sensitivity is also asso-
ciated with the ability to find all original template molecules in the
sample. Here, methods that efficiently separate true variants from
wildtype background but only manage to assess small fractions of all
original molecules are useful in applications with high DNA yields but
not in applications where the expected DNA yield is limited. High
specificity refers to the ability to avoid classifying technical noise as
biological variants.

Another emerging field that utilizes digital sequencing is single-cell
analysis, where RNA profiling is the most developed. There are several
single-cell technology reviews highlighting the potential and limitations
of various methods in relation to specific applications (Baysoy et al.,
2023; Heumos et al., 2023; Hwang et al., 2018; Jovic et al., 2022;
Luecken and Theis, 2019). There are two main strategies for quantifi-
cation of the entire transcriptome. Methods like Smart-seq3 can assess
the full-length transcripts with strand specificity (Hagemann-Jensen
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et al., 2020), while droplet-based approaches only detect parts of the
transcripts with the aim to determine their expression levels (Zheng
et al., 2017). Droplet-based single-cell technologies enable
high-throughput analysis of large cell numbers, while whole transcript
analysis is more suited for smaller cell numbers where information
about isoforms and allele variants is required. In droplet-based tech-
nologies, UMIs are combined with cellular barcodes that also consist of a
random DNA sequence. While UMIs separate individual nucleic acid
molecules from each other, cellular barcodes separate cells from each
other and are used as a cell index to link all sequencing reads from a
given cell together. Despite different uses, the two barcode types are
experimentally and bioinformatically handled similarly.

In conclusion, digital sequencing enables high sensitivity and spec-
ificity using UMIs. Fig. 4A illustrates an example where a true variant
can be detected only using UMIs where the background noise is other-
wise too high. There is a vast diversity of experimental protocols, often
tailor-made for specific sample types or applications, with numerous
ways of utilizing endogenous and exogenous UMIs to minimize
sequencing errors in digital sequencing. However, to systematically
evaluate method performances, they need to be compared side-by-side
using relevant and standardized reference materials (Stetson et al.,
2019; Weber et al., 2020).

1.4. Bioinformatics to handle unique molecular identifiers

Digital sequencing reads need to be processed with UMI-aware bio-
informatics workflows. Table 2 shows examples of available bioinfor-
matics pipelines and tools for UMI data processing and analysis.
Normally, quality controls and trimming of the reads are first performed,
followed by extraction of the UMI sequence from each read. The reads
are subsequently aligned to a reference genome and grouped into UMI
families, where reads with identical UMI sequence and alignment po-
sition to the reference genome will be grouped together, i.e., dedupli-
cation. To allow for sequencing errors in the UMI sequence, close-to-
identical UMIs can be clustered together (Smith et al., 2017) (Fig. 2D).
Here, an edit distance of one is often applied to group UMIs with
maximum one nucleotide difference into the same UMI family. An
inevitably shortcoming with UMI clustering is that some UMIs may
erroneously be grouped. However, UMI clustering is advantageous in
most applications. To validate and compare bioinformatics tools, data
sets generated from standardized control materials with known con-
centrations and variant allele frequencies are needed. The reference
material should reflect both the complexity of the sample matrix as well
as the expected amounts of target molecules, including low variant allele
frequencies, for a given application. For example, cell-free DNA stan-
dards are typically fragmented with variant allele frequencies between
0.1% and 5%.

For some applications, such as sequencing of short tandem repeats
and the hypervariable regions of the 16S and 18S rRNA genes, the
alignment step can be skipped. Here, the sequences of target primers or
hybridization probes may be used together with the UMI sequence to
create UMI families (Shugay et al., 2014). In RNA sequencing, including
single-cell RNA sequencing, the UMIs are primarily used to correct for
transcript quantification biases caused by PCR duplicates by counting
each UMI family, regardless of size, only once. Preprocessing and
UMI-counting methods for single cell RNA-sequencing have recently
been reviewed and benchmarked (Gao et al., 2021; You et al., 2021).

1.5. Unique molecular identifier-based error correction requires deep
sequencing

If the workflow of digital sequencing becomes as simple as for con-
ventional sequencing, should UMIs be used in all applications? To
enable UMI-based error correction, deep sequencing is needed where
each target DNA molecule is sequenced multiple times. Fig. 4B shows
how many times each UMI is sequenced for a typical target, where UMIs
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Fig. 3. Digital sequencing approaches. (A) Schematic overview of SiMSen-Seq as an example of PCR-based approach (Stahlberg et al., 2016). The protocol consists
of two sequential PCR steps. In the first, target DNA is labeled with UMIs using PCR primers during three cycles. In the second PCR, UMI-labeled target DNA is
amplified with sequencing adapters. Libraries are then purified and sequenced. (B) Schematic overview of DupSeq as an example of ligation-based approach (Schmitt
et al., 2015). Hybridization-capture DupSeq protocol starts with fragmentation of double-stranded input DNA, a step that is not needed for degraded DNA sample
types, such as cell-free DNA in liquid biopsies. Ends of fragmented DNA are repaired and A-tailed enabling ligation to T-tailed adapter primers containing UMIs. The
adapter-ligated DNA is purified with beads and amplified using PCR. The library is again cleaned up and hybridized to a pool of biotinylated DNA oligonucleotides,
complementary to all sequences of interest. The hybridized molecules are enriched using magnetic streptavidin-coated beads. The PCR and hybridization-capture step
is repeated for smaller panels, while the iteration can be omitted for larger panels like whole exome. Finally, enriched target DNA is amplified with sequencing
adapters, purified and sequenced. Image created with BioRender.com.
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Fig. 4. Digital sequencing enables ultrasensitive variant detection. (A) Experimental data demonstrating the use of UMIs to detect a low frequent variant. A
target sequence containing 22 nucleotides was analyzed in a reference sample with a known variant, with and without the use of UMI-based error correction. Data
show that the expected variant cannot be distinguished from the other nucleotide positions when the UMIs are not bioinformatically utilized, while the variant is
clearly identifiable following UMI-based error correction. For 18 nucleotide positions no errors are observed using UMI-based error correction. (B) Unique molecular
identifier family sizes for a given target sequence. The diagram shows the number of times each UMI-labeled molecule is sequenced for a given target sequence. In
SiMSen-Seq data analysis, three reads per UMI family is usually applied as cut-off to generate consensus reads. In this example, 2944 UMI families had less than three
reads, while 6138 UMI families had three or more reads. Experimental data is from a published data set using SiMSen-Seq (Osterlund et al., 2022).

appearing only once by default prohibit error correction in downstream (Fig. 5). For example, the human haploid genome consists of ~3.055
bioinformatics and, conversely, UMIs with numerous reads are billion base-pairs (Nurk et al., 2022) that can be analyzed as 100
sequenced more than needed. The demand of sequencing capacity is base-pairs long sequences, resulting in 30,550,000 DNA sequences.
proportional to the target panel size and the amount of analyzed DNA Twenty nanogram DNA consist of 6,200 copies of each DNA sequence
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Table 2

Bioinformatics tools for handling sequencing data with UMIs.
Workflow Tool Reference
Calib UMI deduplication/UMI clustering Orabi et al., 2019
DAUMI UMI deduplication/UMI clustering Peng and Dorman,

2023

UMI-tools UMI deduplication/UMI clustering Smith et al., 2017

SASCRiP UMI deduplication, single-cell RNA- Moonsamy and
seq Gentle, 2022

BUStools UMI deduplication format, single-cell Melsted et al., 2019
RNA-seq

UMlIc UMI deduplication, consensus Tsagiopoulou et al.,
generation 2021

DeepSNVMiner UMI deduplication, variant calling Andrews et al., 2016

MAGERI UMI deduplication, variant calling Shugay et al., 2017

UMIErrorCorrect  UMI deduplication, consensus Osterlund et al.,
generation, variant calling 2022

MIGEC UMI deduplication, assembly Shugay et al., 2014
(alignment-free), immune cell analysis

SmCounter2 Variant calling Xu, C. et al., 2019

UMI-VarCal Variant calling Sater et al., 2020
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ha ! i }

10"
10
10°
10°
107
10°
10°
10*
10°
10%
10'

Input DNA
amount

1024 ng
256 ng
64ng
16 ng
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Number of reads

10° 10' 10° 10° 10* 10° 10° 107 10° 10°
Number of target nucleotides

Fig. 5. The number of required reads in relation to total size of target
sequence and amount of input DNA using digital sequencing. Here, the
targeted sequences are divided into 100 nucleotide long reads. We assume that
1 ng DNA corresponds to 310 molecules (Piovesan et al., 2019) and that each
molecule needs to be sequenced three times, i.e., three reads per UMI family.
Typical sizes of different panels are indicated at the top, where the sizes of
small-, medium- and large-sized panels may vary. The output from current
Illumina sequencing platforms ranges from 4 million to 104 billion reads. The
exome and genome sizes are about 30 million and 3.055 billion base-pairs,
respectively.

(Piovesan et al., 2019). If we assume that three reads per UMI and DNA
sequence is needed for UMI-based error correction, a minimum of 5.68 x
10! reads are needed for each sample. To put this into perspective, the
[lumina platform that currently has the highest sequencing capacity,
the NovaSeq X Plus, generates up to 1.04 x 10! paired-end reads. Thus,
due to current sequencing capacity and costs, digital sequencing is
mainly limited to targeted panels, while whole genome approaches are
mainly restricted to shallow coverage. For applications, where UMIs are
only used to minimize quantification biases (Fig. 2A), such as single-cell
RNA sequencing, no additional sequencing is required in comparison
with conventional sequencing. Here, all reads with a UMI are used, even
UMI families with only one member. For these types of applications,
UMIs are expected to be implemented in most future protocols, since the
additional technical challenges associated with UMIs are few and
generally neglectable.

1.6. Digital sequencing applications focusing on cancer management

Digital sequencing is applied in numerous clinical applications, such
as cancer, infections, neurodegenerative diseases, prenatal testing and
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transplantation. It can also be used in other fields, e.g, forensics,
archaeogenetics and environmental DNA assessments (Table 3). Digital
sequencing can be applied to any analyte or biomarker that uses DNA
sequences as a readout, such as RNA as well as DNA and RNA in-
teractions with proteins and antibodies. Naturally, the preanalytical and
experimental steps prior to the actual DNA library construction step vary
substantially between analysis of these various analytes.

In cancer management, digital sequencing can add clinical value in
several applications (Fig. 6). Cancer is a heterogeneous group of diseases
with different clinical needs regarding biomarker analysis. Cancers

Infectious diseases

Cancer management

Environmental
Forensics

Prenatal testing

Metagenomics
Mutagenesis

Neurodegenerative
diseases

Transplantation
medicine

Cellular barcoding

Metabolic diseases

Evolutionary studies

Food science
DNA sequencing

RNA sequencing

Protein-RNA
interactions

ChIP seq
RNA modifications

DNA modifications

Immunosequencing
Antibody detection

Drug resistance

Virus detection
Screening

Diagnostics

Treatment prediction
Prognostication

Monitoring of
treatment efficacy
Treatment response

Minimal residual
disease

Detection of de novo
treatment resistance
Tumor evolution

Early relapse
detection
Ecosystem health
Mixed and degraded
DNA

Resistome
Genotoxicity
evaluation

Transplant rejection

Cell fate mapping,
lineage tracing

Standard RNA
sequencing

Single-cell RNA

sequencing
iCLIP, eCLIP, sCLIP

AutoRELACS,
MINUTE-ChIP

UMI-ATAC-seq
DNA methylation

SiMSen-Seq

Table 3

Examples of applications with digital sequencing using UMIs.
Area Application Reference
Archaeogenetics Ancient RNA Marmol-Sanchez et al., 2023

Aydemir et al., 2018; George
et al., 2022; Keys et al., 2015
Ko et al., 2021

Chabon et al., 2020; Cohen

et al., 2018

Stackpole et al., 2022; Yang
et al., 2019

Suppan et al., 2022

Barnell et al., 2022; Xu, R. H.
et al., 2017; Zhou et al., 2022
Egyud et al., 2019; Johansson
et al., 2021

Hilke et al., 2020; Stankunaite
et al., 2022

Patkar et al., 2021; Ryoo et al.,
2023; Tie et al., 2016; Waldeck
et al., 2022

Varghese et al., 2021; Derrien
et al., 2023

Walens et al., 2020; Hu et al.,
2021

Qiu et al., 2021

Fields et al., 2021

Jager et al., 2017; Wu, L. et al.,
2019

Tam et al., 2020; Zhang et al.,
2019

Noyes et al., 2017

Valentine et al., 2020; Dodge
et al., 2023

Hoekstra et al., 2016; Pandey
et al., 2022

Kueng et al., 2023

Biddy et al., 2018; Walens et al.,
2020

Yang, S. et al., 2021; Lu et al.,
2022

Xia et al., 2020; Zurek et al.,
2020

Smyczynska et al., 2020

Kinde et al., 2011; Schmitt

et al., 2012

Fu, C. et al., 2021; Fu, Y. et al.,
2018; Hong and Gresham,
2017; Ye et al., 2018

Zheng et al., 2017; Pandey

et al., 2022

Kargapolova et al., 2017; Konig
et al., 2010; Van Nostrand et al.,
2016

Arrigoni et al., 2020; Kumar and
Elsasser, 2019

Koh et al., 2019

Zhu et al., 2020

Stackpole et al., 2022; Xu, R. H.
et al., 2017

Johansson et al., 2020

Levin et al., 2023
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Fig. 6. Digital sequencing applications in cancer management. The timeline for a patient with cancer is shown at the top, where palliative treatment and
complete remission stand as alternative outcomes. Different applications and at what stages they can be used and where digital sequencing may add value to clinical

decisions are indicated below. Image created with BioRender.com.

display highly variable mutational landscape and expression of bio-
markers, not only between but also within specific entities. Some can-
cers are genetically characterized by recurrent mutations in specific
genes and high mutational burden, whereas others have low mutational
burden and few hotspot mutations. Tissue biopsies are the golden
standard in cancer diagnostics, offering both morphological and mo-
lecular information. However, in some settings, tumor biopsies are not
feasible to collect. Here, minimally invasive liquid biopsies are emerging
as a clinically relevant complement. Unlike tissue biopsies, liquid bi-
opsies can be collected even when no tumor tissue is evident, such as in
screening of asymptomatic individuals. Maybe most importantly, most
liquid biopsies are also available for repeated sampling, enabling mo-
lecular monitoring of treatment efficacy and disease progression. Liquid
biopsies can be sampled from in principle any bodily fluid, such as urine,
saliva and cerebrospinal fluid, with blood plasma being by far the most
commonly used (Andersson et al., 2020). Tumor-derived DNA and other
analytes are released from tumor cells into surrounding body fluids via
apoptosis, necrosis or active secretion (Bronkhorst et al., 2019). The
amount of cell-free DNA in plasma is normally low, between 1 and 10 ng
per milliliter blood plasma in healthy individuals (Mead et al., 2011;
Mouliere et al., 2014), heavily fragmented to an average size of 167
base-pairs (Ivanov et al., 2015; Snyder et al., 2016) and with a half-life
estimated between 15 min and ~2.5 h (Lo et al., 1999; To et al., 2003).
The total amount and quality of tumor-DNA are thus comparably much
lower in blood plasma than in tissue, where the number of circulating
tumor-DNA molecules often is lower than one in a thousand. Digital
sequencing is thereby required for most liquid biopsy-based
applications.

To cure cancer, it is important to detect the tumor at an early stage
before tumor cells invade surrounding tissue or form metastases. To
screen asymptomatic individuals for cancer, the use of blood plasma and
digital sequencing is an emerging field of research with high potential
clinical value. Most attempts have historically been focused on detection
of circulating tumor-DNA by assessing hotspot mutations (Chung et al.,
2019). An obstacle is that detected DNA variants, even in known cancer
driving genes, are not always related to any ongoing malignant disease,
i.e., false clinical positives. Clonal hematopoiesis contributes with
mutated DNA molecules in blood plasma (Razavi et al., 2019). For
example, TP53 mutations increase with age in otherwise healthy in-
dividuals (Salk et al., 2019). Another challenge with mutation analysis
in plasma is that many commonly mutated genes, such as TP53 and

KRAS, are not tumor type-specific and can therefore be associated to
several entities. One strategy to overcome this is to use DNA methylation
profiles instead of mutations since DNA methylation patterns are cell
type-specific (Moss et al., 2018; Varley et al., 2013). The use of
multi-analyte strategies, such as mutations combined with proteins, may
also improve clinical sensitivity and specificity (Cohen et al., 2018). For
screening applications using mutational analysis, digital sequencing
methods that utilize large hotspot panels are preferred to increase the
likelihood that one or several tumor-specific mutations can be detected.
For high-risk individuals, such as persons with germline mutations in
cancer-associated genes like BRCAI and BRCA2, panels can be smaller
since they can be focused to cover mutations only related to a specific
diagnosis or a restricted number of diagnoses. The size of a suitable
panel depends on tumor type, where some entities, like many sarcomas
and pediatric cancers, have few recurrent mutations (Grobner et al.,
2018; Taylor et al., 2011; Vogelstein et al., 2013). Here, large panels
may not be enough, instead requiring whole exome or even whole
genome sequencing.

In diagnostics, digital sequencing may be useful when the number of
tumor cells are very few in relation to non-neoplastic cells, even in tissue
biopsies. This occurs when the tumor cell frequency is at the same
sensitivity level as standard clinical sequencing, normally 1%. For some
tumor types it may be important not to sample the actual tumor tissue
since the sampling procedure may disseminate tumor cells (Ghiam et al.,
2019). Digital sequencing approaches and using liquid biopsies can here
be used as a complement to routine diagnostics.

Analysis of circulating tumor-DNA has been demonstrated to provide
clinical value for prognostication, monitoring of treatment efficacy and
at an early stage detect relapse. Here, two different digital sequencing
strategies have evolved. In the first, medium to large panels are used to
target recurrent mutations in a specific tumor type or pan-cancer
manner (Phallen et al., 2017). Once developed, these panels are
generic and can be used to assess all liquid biopsies. The drawback with
this strategy is that the panel needs to target enough sequences to detect
any mutation, similarly as in screening. Another concern is that the cost
increases with panel size as well. In the second strategy, a tumor tissue
sample collected at the time of diagnosis is sequenced with either a
panel, whole exome or whole genome setup to identify tumor-specific
mutations. To filter out false positives, including germline variants, a
non-tumor reference sample collected from the patient, such as DNA
extracted from leukocytes in blood, is commonly used. Next, several
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identified mutations are selected to design a tumor-specific panel that is
used to analyze liquid biopsies from each patient, ie., personalized
panels (McDonald et al., 2019). This strategy requires more efforts
before the first liquid biopsy analysis can be performed. However, the
sensitivity and specificity are usually superior compared with generic
panels, since more target mutations are assessed (Johansson et al., 2019)
and the risk of identifying false positives is minimal since no additional
targets than confirmed mutations are analyzed (McDonald et al., 2019).
Compared to generic panels, personalized panels normally become more
attractive when the number of liquid biopsies increases per patient.

Treatment prediction and detection of de novo treatment resistance
mutations require digital sequencing approaches with generic panels
covering mutations linked to available treatment alternatives. On one
extreme, such a panel may be wide, including in principle all genes that
are currently linked to any treatments when mutated. On the other hand,
for some well-defined applications, individual genes or even nucleotide
positions may be sufficient to guide clinical decisions since the available
treatment options are directly based on mutation status, such as BRAF,
EGFR and ALK mutations (Garcia-Pardo et al., 2022).

The use of sequencing in cancer management, including liquid bi-
opsies, is well-established. However, it is less apparent when digital
sequencing is required to detect mutations. In most liquid biopsy-based
applications there is a need of digital sequencing, enabling detection of
variant allele frequencies <0.1%. The amount of circulating tumor-DNA
in blood plasma is correlated to tumor burden and stage, where
advanced malignancies display high levels of circulating tumor-DNA
(Abbosh et al., 2017; Choudhury et al., 2018; Diehl et al., 2005; New-
man et al., 2014; Strijker et al., 2020). However, the variation between
tumor types and patients is large (Bettegowda et al., 2014). Applications
such as screening, minimal residual disease detection and early relapse
detection, where the clinical aim normally is to determine whether the
patient has cancer as early as possible, are facilitated by the superior
sensitivity and specificity of digital sequencing. In other applications,
where the patients have confirmed ongoing tumor disease, like di-
agnostics, prognostication, monitoring treatment efficacy and detection
of de novo treatment resistance, the choice of method is not as obvious. If
the relevant mutation for clinical decision is >1% they may be detected
with conventional sequencing approaches. These approaches are often
more cost-efficient and enable larger target panels to be analyzed, even
whole genomes, that may be used to identify new treatment options.
However, as discussed, the amount as well as the relative fraction of
tumor-derived DNA is overall lower in liquid biopsies than in tissue
biopsies. Therefore, there is substantial risk that relevant mutations are
missed despite the fact that the patient has an advanced disease. Hence,
the optimal method choice needs to be carefully evaluated for different
tumor types and applications. Furthermore, in applications like moni-
toring of treatment efficacy where the amount of circulating tumor-DNA
may vary between high and undetectable levels over time, digital
sequencing may be favored. Potentially, when patients are monitored
over time digital sequencing may be applied to assess treatment efficacy
and for early detection of minimal residual disease and relapse, while
standard sequencing targeting large parts of the genome can be used to
identify new druggable targets during disease progression. Here, data
from the digital sequencing will provide information about the expected
amount of circulating tumor-DNA in the sample and hence indicate if the
wider but less sensitive standard sequencing will be successful.

2. Conclusions and future perspective

Digital sequencing using UMIs is advancing numerous basic research
and clinical applications where standard sequencing fails by enabling
sensitive and specific DNA analysis. Successful strategies require careful
design and use of UMIs in experimental protocols to allow close to error-
free sequencing. We expect more innovative technologies to be estab-
lished utilizing UMIs that are suitable for current and new application
areas, especially for analytes beyond DNA. Digital sequencing requires
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high sequencing capacity, partly limiting its current use in applications
that require large target DNA panels for assessment, such as whole
exome and whole genome analysis. To overcome this, new sequencing
platforms with higher capacity and lower cost need to be developed. In
cancer management, there are several emerging application areas using
digital sequencing. However, no single approach is optimal for all ap-
plications nor all tumor entities since their technical and clinical re-
quirements are highly variable. We expect that the number of
applications where digital sequencing will be implemented in clinical
routine will increase substantially in the coming years. To achieve this,
true clinical value needs to be demonstrated and that the whole process
from sampling, via analysis using digital sequencing, to final clinical
data interpretation is aligned with clinical settings, including stan-
dardization of the complete workflow.
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