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Methods for DNA Library generation to facilitate the detection and reporting of low frequency variants

Background

Fields, such as cancer therapeutics, forensics, paleo-genomics, evolution and toxicology, require high-accuracy
sequencing and detection of low incidence mutations. Such mutations might even be present in less than 1% of
the cells, such as with cancer. When analyzing cell-free deoxyribonucleic acid (DNA) fragments from a plasma or
blood sample, the ratio of DNA fragments from tumor cells may even be as low as 0.01% of the total cell-free
DNA. This low incidence-genetic diversity is difficult to assess with conventional next generation sequencing due
to a high background error rate not only in the sequencing itself, but in the amplification of the genomic DNA
prior to sequencing. Circulating tumor DNA fragments may be fragmented to an average length of 140 to 180bp
(base pairs) and represent in only a few thousands amplifiable copies per millimeter of blood. DNA polymerases
can introduce misinsertions at a frequency of 10” to 10°. When these misinsertions occur early in the
generation of the DNA library, such as during first strand synthesis, they can become indistinguishable from low-
frequency mutations. Moreover, high throughput sequencing systems, also known as Next-Generation-
Sequencing (NGS) systems typically produce errors at a per base rate of 10 to 10°, making certain true variants

undetectable when the corresponding mutations occur at a similar or lower frequency.

For example, single-cell sequencing, single-stranded molecular barcoding, and circle sequencing may involve
sequencing DNA derived from a single strand of DNA. During the first round of amplification, DNA polymerase
may propagate errors to the daughter molecules. In single-cell sequencing, random primers may be used with a
DNA polymerase with helicase activity to displace one of the two strands. But the combination of random
primers and strand displacement can result in random priming of the newly copied strand and thus, the
generation of copies of copies. In the process, any initial misincorporation error will be passed to the copies of
copies. As all the genetic information was derived from a single cell, it is impossible to tell whether the

sequencing reads represent an error from the original single-strand synthesis or a genetic variant.

CircSeq and single-stranded barcoding may also introduce misinsertions during first round synthesis, an error
which may then be propagated to daughter molecules and erroneously scored as a mutation. The same
misinsertion error post-isolation is unlikely to occur in the same DNA sequence from other cells or sub-clonal
populations. The original error therefore, could not necessarily be identified, accounted for, and/or corrected

via post-hoc analysis, instead resulting in errors that may appear to be a sub-clonal mutations.

In Enhancing the accuracy of next-generation sequencing for detecting rare and subclonal mutations , Nature
Reviews Genetics, Vol. 18, pp. 269-285, May 2018 Salk et al. review three main error correction strategies to
better characterize low frequency variants with NGS technologies: 1) computational strategies based on filtering
low confidence data and/or applying predefined statistical models of the sequencing error profiles 2)
experimental strategies to reduce the errors caused by the pre-sequencing DNA library preparation and 3)
molecular consensus sequencing, which applies a posteriori detection and correction of errors in the sequencing
data reads themselves. The latter methods rely upon a unique tagging with a molecular barcode (also known as
molecular tag, Unique Molecular Identifier UMI, or Single Molecular Identifier SMI) of each of the DNA

fragments prior to amplification and sequencing, so that it is possible to group sequencing reads in families of
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reads associated with a specific tag. This facilitates the explicit detection and correction of errors introduced
after the tagging, as it is unlikely that the very same error systematically repeats over all amplified and
sequenced amplicon copies of the uniquely tagged parent DNA fragment. Salk et al. distinguish between
exogenous molecular barcodes as random or semi-random sequences which are artificially (physically)
incorporated into either the PCR primers or the sequencing adaptors on the one hand, and endogenous
molecular barcodes which may be identified as naturally (virtually) occurring fragmentation points (also known
as shear points) at the ends of DNA molecules when preparing the DNA library using ligation. Three main families
of molecular consensus sequencing have been developed so far: 1) Single-Strand Consensus Sequencing, such as
for instance the SafeSeqS, smMIP and CigSed methods, which independently tags either one or both of the
parent DNA fragment strands (thus with the limitation that it is not possible to use the strand information to
group amplicon reads issued from complementary strands in the downstream consensus error detection and
correction steps); 2) Two-Strand Consensus Sequencing, such as for instance the Ultrasensitive Deep Sequencing
method or the CypherSeq method which tag both strands of the parent DNA fragment with the same molecular
identifier so that the associated reads can be grouped into the same consensus sequence after sequencing; and
3) duplex sequencing, which introduces randomized duplex tags onto both ends of the original double-stranded
DNA fragment in a complementary fashion. These molecular identifier sequences may be encoded into adaptors
that are ligated to each end of a double-stranded DNA so that each end of the double-stranded DNA receives a
different molecular identifier sequence. If an error is introduced by DNA polymerase into one of the two
strands of DNA during first strand-synthesis or any subsequent synthesis/amplification step, the other strand
provides a basis of comparison by, for example, reference to a set of single-stranded consensus sequences.
Once all the single strand consensus sequences are read during sequencing, the molecular identifier sequence on

each end of each strand of the original DNA fragment can be matched during alignment.

To detect post-isolation errors which occur during synthesis steps subsequent to the first-synthesis step, each
strand can be aligned with its same-strand sisters, by associating the sequencing reads sharing the same start
and/or end positions during alignment of the single-strand consensus sequences using the molecular identifier
sequence. Any differences in the read sequence can be attributed to misinsertions during a synthesis step
subsequent to the first synthesis step. To detect post-isolation errors which occur during the first synthesis step,
each strand can be aligned with its opposite-strand partner during alignment of the duplex consensus sequences
(again, using the molecular identifier sequences). Any differences in the read sequences observed by such a
comparison may be attributed to misinsertions during the first synthesis step. If a particular difference is found
in both partner strands of the DNA with the same molecular identifier sequence at both ends of the DNA, then
the particular difference may be attributed to a mutation or polymorphism existing in the DNA as extracted from
the cell. Low incidence mutations in a subset of cells can be identified during the alignment of the total
sequence readout by identifying strands with substantially similar sequences but having different molecular

identifier sequences.

In Error-correcting DNA barcodes for high-throughput sequencing , J.A. Hawkins et al, bioRxiv, 7 May 2018
proposes the use of up to more than 1076 unique error-correcting barcodes by constructing a library of DNA

adaptors designed according to improvements over information theory codes such as Hamming codes, Reed-



10

15

20

25

30

35

WO 2021/053208 PCT/EP2020/076246

Solomon codes or Levenshtein codes. W02018/144159 proposes the use of a variable length of 2 to 24
nucleotides with a constant 3 overhang to construct a library of DNA adaptors with another axis of diversity to
facilitate the discrimination of the DNA sample fragment. Such methods may facilitate to a certain extent the
inherent correction of substitution, insertion, and deletion errors, even when the corrupted length of the
barcode is unknown, yet their specific design does not fully exploit the error correcting capability of the

downstream sequencing data processing and variant calling workflows.

In A review of somatic single nucleotide variant calling algorithms for next-generation sequencing data ,
Computational and Structural Biotechnology Journal 16, pp.15-24, Feb 2018, Xu reviews 46 publicly available
variant callers which may be applicable to single nucleotide variant detection, including 4 variant callers which
handle UMI-based sequencing data possibly with duplex and consensus sequencing. As reported by Xu, one
limitation of current duplex sequencing protocols is that in practical experiments, only 20% of the UMIs can be
matched to the other strand due to insufficient ligation efficiency, so variant calling has to process both singular
and duplex UMlIs. Moreover, UMI sequences themselves are prone to PCR errors, which may require

complementary clustering strategies.

There remains a need for improved methods of generating a DNA library which can be coupled to integrated low
frequency variant identification, possibly independently from an explicit molecular barcoding consensus
sequencing error identification/correction, e.g., by tracking both strands of a duplex DNA sample (such as
genomic DNA fragments) to detect very low frequency mutations and polymorphisms. For example, there
remains a need for efficient and reliable methods of detection of rare or low-frequency mutations and
polymorphisms in cancer cells, chimeric cells, and other forms of intra-subject genetic polymorphisms. There
also remains a need for improved methods of generating a DNA library which methods may track both strands of
the same DNA molecule and facilitate the identification and reporting of multiple low frequency variants without
the need for explicit consensus sequencing. There also remains a need for improved methods of producing
asymmetric fragmented DNA libraries having different properties of the sequences on each end of a DNA

fragment to be sequenced or analyzed.

Summary

A method is proposed for generating a library of DNA-adaptor products from at least two DNA fragments, each
DNA-adaptor product in the library allowing for identification and genomic variant analysis of its parent DNA
fragment after amplification and sequencing, said method comprising ligating, in a reaction mixture, a first
adaptor to one end and a second adaptor to the other end of a first double-stranded DNA fragment having two
ends to produce a first DNA-adaptor product, each adaptor comprising a plurality of double-stranded or partially
double-stranded polynucleotides, each double-stranded or partially double-stranded polynucleotide comprising
a spacer sequence on the double-stranded extremity of the adaptor, the first adaptor spacer sequence (SS;)
having a length L; and the second adaptor spacer sequence (SS;) having a length L,; ligating, in the same
reaction mixture, a third adaptor to one end and a fourth adaptor to the other end of a second double-stranded
DNA fragment having two ends to produce a second DNA-adaptor product, each adaptor comprising a plurality

of double-stranded or partially double-stranded polynucleotides, each double-stranded or partially double-
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stranded polynucleotide comprising a spacer sequence on the double-stranded extremity of the adaptor, the
third adaptor spacer sequence (SS;) having a length L; and the fourth adaptor spacer sequence (SS,) having a
length L, wherein each adaptor spacer sequence (SS; SS; SS; SS,) comprises a spacer subsequence truncated
from a common constant, predefined nucleotide sequence (S) of length Ls nucleotides to produce adaptor spacer
sequences, the adaptor spacer sequences (SS; SS; SS3 SS4) differing from each other by their lengths Ly, Ly, L3 Ly
of at least 3 and at most L,,,, nucleotides, L,,, being greater than or equal to L. The predefined nucleotide
sequence length Lsmay be between 5 and 20 nucleotides. Each adaptor spacer sequence (SS; SS, SS; SS4) may
be formed by concatenating the truncated spacer subsequence with a constant termination subsequence TS
having a constant length Ly of at least 3 nucleotides, the constant termination subsequence TS differing from
the constant, predefined nucleotide sequence S by an edit distance of at least two. The spacer subsequence may
either be truncated left to right from the start from the constant nucleotide sequence (S), or truncated right to
left from the end from the constant nucleotide sequence (S). The constant termination subsequence TS may be a
triplet nucleotide or a quadruplet nucleotide, preferably ending with a T overhang to facilitate ligation to the

DNA fragments.

A method is proposed for generating a library of DNA-adaptor products from at least two DNA fragments to
facilitate the identification of the fragments in a high throughput sequencing data genomic data analysis
workflow after amplification and sequencing, comprising generating a pool of DNA-adaptors, wherein the
adaptors differ from each other by their total lengths of at least 3 and at most L, nucleotides, wherein each
adaptor comprises a constant termination subsequence TS of length Lys Lts 3 nucleotides concatenated with a
variable spacer subsequence, and wherein the variable spacer subsequence is truncated from a common
constant, predefined nucleotide sequence (S) having a length of Ls nucleotides, 5 Ls 20 nucleotides; ligating,
in a reaction mixture, a first and a second adaptors from the pool of DNA-adaptors to each end of a first double-
stranded DNA fragment to produce a first DNA-adaptor product, each adaptor comprising a plurality of double-
stranded or partially double-stranded polynucleotides, each double-stranded or partially double-stranded
polynucleotide comprising a spacer sequence on the double-stranded extremity of the adaptor, so that the first
DNA-adaptor product may be characterized by a numerical code formed by the respective lengths (L;, L,) of the
first and the second DNA-adaptor spacer sequences (SS;, SS;); and ligating, in the same reaction mixture, a third
and a fourth adaptors from the pool of DNA-adaptors to each end of a second double-stranded DNA fragment to
produce a second DNA-adaptor product, each adaptor comprising a plurality of double-stranded or partially
double-stranded polynucleotides, each double-stranded or partially double-stranded polynucleotide comprising
a spacer sequence on the double-stranded extremity of the adaptor, so that the first DNA-adaptor product may
be characterized by a numerical code formed by the respective lengths (L;, L ) of the first and the second DNA-

adaptor spacer sequences (SS3, SS4).

The DNA-adaptor products may be amplified to produce PCR duplicates and sequenced to produce raw
sequencing reads. For each sequencing read R,, a genomic data analyzer may trim L,,,, = L+ L5 nucleotides from
the beginning of the read to produce a trimmed sequencing read. The genomic data analyzer may search for the
constant termination subsequence TS in the first L, nucleotides of the sequencing read, measure the length L,

of the spacer sequence SSg, as a function of the number of nucleotides separating the start of the constant
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termination subsequence TS from the start of the sequencing read R, and trim L, nucleotides from the beginning
of the read to produce the trimmed sequencing read. The genomic data analyzer may record the trimmed
sequencing read and possibly the measured length L, in a pre-processed sequencing read file, and align the
trimmed sequencing reads to a reference genome so as to map each trimmed read to a start position and an end
position. The genomic data analyzer may use the variable adaptor length information measured for each read to
facilitate, with a consensus sequencing or a probabilistic sequencing bicinformatics method, the identification of

genomic variants for the strand and the fragment, respectively.

Brief Description of the Drawings

FIG. 1 is a schematic representation of a genomic analysis workflow comprising a tagging step with ligation
adaptors for uniquely encoding the input DNA fragments into DNA-adaptor products in the laboratory process
(also known as the wet lab process), and a pre-processing step on the resulting DNA-adaptor products
sequencing reads to uniquely identify the DNA fragment source for each read in the bioinformatics workflow

(also known as the drylab process).
FIG. 2 is a schematic representation of an exemplary DNA-adaptor product for use in DNA library generation.

FIG. 3 shows a diversity of adaptors with a variable length spacer sequence partially truncated from a predefined

constant sequence as may be used in the proposed method.

FIG. 4 illustrates examples of numerical codes as may be generated by the proposed method for the DNA-

adaptor products associated with each DNA fragment.

FIG. 5a) and FIG. 5b) each show an example of a set of spacer sequences SS formed by concatenating variable
length truncated spacer subsequences derivatives S; with a termination sequence for producing the adaptors to

be used with the proposed method.

FIG. 6 illustrates an example of various DNA-adaptor PCR duplicates at the sequencing stage, out of which two
duplicates can be traced back to the same parent DNA product thanks to their unique numerical codes as may

be generated by the proposed method for the DNA-adaptor products associated with each DNA fragment.

FIG. 7 shows an example of pre-processing the raw sequencing reads to identify the source DNA fragment and to

tag each read accordingly.

FIG. 8 shows an abstract representation of two different possible genomic analysis workflow steps to further

identify variants out of the tagged reads according to the proposed methods.

FIG. 9 shows the density distribution of each variable length adaptor in a library produced according to the

proposed methods.
FIG. 10 shows the ratio of reads assigned to the expected adaptor sequences after sequencing.

FIG. 11a) shows a NGS data viewer screen shot of reads aligned and grouped without taking into account the

proposed adaptor numerical code tagging information, while FIG. 11b) shows a NGS data viewer screen shot of
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the same reads aligned and grouped according to the proposed adaptor numerical code tagging information to

facilitate the identification of a heterogeneous SNP.

FIG. 12a) and FIG. 12b) compare the variant calling results obtained respectively when employing respectively
prior art adaptors or the proposed variable length adaptors. FIG. 12¢) and FIG 12d) compare the ROC curves of a
consensus sequencing workflow and of a probabilistic sequencing workflow when employing respectively prior

art adaptors or the proposed variable length adaptors.

Detailed Description of the Invention

The particulars shown herein are by way of example and for purposes of illustrative discussion of the various
embodiments only and are presented in the cause of providing what is believed to be the most useful and
readily understood description of the principles and conceptual aspects of the methods and compositions
described herein. In this regard, no attempt is made to show more detail than is necessary for a fundamental
understanding, the description making apparent to those skilled in the art how the several forms may be

embodied in practice.

The proposed methods and systems will now be described by reference to more detailed embodiments. The
proposed methods and systems may, however, be embodied in different forms and should not be construed as
limited to the embodiments set forth herein. Rather, these embodiments are provided so that this disclosure will

be thorough and complete, and will fully convey the scope to those skilled in the art.

Unless otherwise defined, all technical and scientific terms used herein have the same meaning as commonly
understood by one of ordinary skill in the art to which this invention belongs. The terminology used in the
description herein is for describing particular embodiments only and is not intended to be limiting. As used in the
description and the appended claims, the singular forms a, an, and the are intended to include the plural

forms as well, unless the context clearly indicates otherwise.

Unless indicated to the contrary, the numerical parameters set forth in the following specification and attached
claims are approximations that may vary depending upon the desired properties sought to be obtained and thus
may be modified by the term about . At the very least, and not as an attempt to limit the application of the
doctrine of equivalents to the scope of the claims, each numerical parameter should be construed in light of the

number of significant digits and ordinary rounding approaches.

Notwithstanding that the numerical ranges and parameters setting forth the broad scope are approximations,
the numerical values set forth in the specific examples are reported as precisely as possible. Any numerical
value, however, inherently contains certain errors necessarily resulting from the standard deviation found in
their respective testing measurements. Every numerical range given throughout this specification will include
every narrower numerical range that falls within such broader numerical range, as if such narrower numerical

ranges were all expressly written herein.
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Definitions

A DNAsample refersto a nucleic acid sample derived from an organism, as may be extracted for instance from
a solid tumor or a fluid. The organism may be a human, an animal, a plant, fungi, or a microorganism. The nucleic
acids may be found in limited quantity or low concentration, such as fetal circulating DNA (cfDNA) or circulating
tumor DNA in blood or plasma. A DNA sample also applies herein to describe RNA samples that were reverse-

transcribed and converted to cDNA.

A DNA fragment refers to a short piece of DNA resulting from the fragmentation of high molecular weight
DNA. Fragmentation may have occurred naturally in the sample organism, or may have been produced artificially
from a DNA fragmenting method applied to a DNA sample, for instance by mechanical shearing, sonification,
enzymatic fragmentation and other methods. After fragmentation, the DNA pieces may be end repaired to
ensure that each molecule possesses blunt ends. To improve ligation efficiency, an adenine may be added to
each of the 3 blunt ends of the fragmented DNA, enabling DNA fragments to be ligated to adaptors with

complementary dT-overhangs.

A DNA product refers to an engineered piece of DNA resulting from manipulating, extending, ligating,
duplicating, amplifying, copying, editing and/or cutting a DNA fragment to adapt it to a next-generation

sequencing workflow.

A DNA-adaptor product refers to a DNA product resulting from ligating a DNA fragment with a DNA adaptor to

adapt it to a next-generation sequencing workflow.

A DNA library refers to a collection of DNA products or DNA-adaptor products to adapt DNA fragments for

compatibility with a next-generation sequencing workflow.

A pool refers to multiple DNA samples (for instance, 48 samples, 96 samples, or more) derived from the same
or different organisms, as may be multiplexed into a single high-throughput sequencing analysis. Each sample

may be identified in the pool by a unique sample barcode.

A nucleotide sequence or a polynucleotide sequence refers to any polymer or oligomer of nucleotides such
as cytosine (represented by the C letter in the sequence string), thymine (represented by the T letter in the
sequence string), adenine (represented by the A letter in the sequence string), guanine (represented by the G
letter in the sequence string) and uracil (represented by the U letter in the sequence string). It may be DNA or
RNA, or a combination thereof. It may be found permanently or temporarily in a single-stranded or a double-
stranded shape. Unless otherwise indicated, nucleic acids sequences are written left to right in 5 to 3

orientation.

A random sequence or partially random sequence refers to a sequence of nucleotides which is at least in
part randomly selected among all possible combinations of nucleotides for a given sequence length. The

selection of the random sequence may be manual or automated.

A constant sequence or a predefined sequence refers to a fully specified, non-random, fixed sequence of

nucleotides which is specifically selected among all possible combinations of nucleotides for a given sequence
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length. The selection of the non-random sequence may be manual or automated. The selection of the non-
random sequence may be based upon certain criteria specific to the sequencing application and/or the
sequencing technology, for instance to provide enhanced error robustness properties for amplification and

sequencing steps.

A primer sequence refers to a nucleotide sequence of at least 20 nucleotides in length comprising a region of

complementarity to a target DNA a part or all of which is to be elongated or amplified.

The edit distance between two sequences of nucleotides refers to the minimum number of nucleotide
substitutions, insertions or deletions that needs to be applied for one sequence to become identical to the other

sequence.

Ligation refers to the joining of separate double stranded DNA sequences. The latter DNA molecules may be
blunt ended or may have compatible overhangs to facilitate their ligation. Ligation may be produced by various

methods, for instance using a ligase enzyme, performing chemical ligation, and other methods.

Amplification refers to a polynucleotide amplification reaction to produce multiple polynucleotide sequences
replicated from one or more parent sequences. Amplification may be produced by various methods, for instance
a polymerase chain reaction (PCR), a linear polymerase chain reaction, a nucleic acid sequence-based

amplification, rolling circle amplification, and other methods.

Sequencing refers to reading a sequence of nucleotides as a string. High throughput sequencing (HTS) or next-
generation-sequencing (NGS) refers to real time sequencing of multiple sequences in parallel, typically between
50 and a few thousand base pairs. Exemplary NGS technologies include those from Illumina, lon Torrent Systems,
Oxford Nanopore Technologies, Complete Genomics, Pacific Biosciences, and others. Depending on the actual
technology, NGS sequencing may require sample preparation with sequencing adaptors or primers to facilitate
further sequencing steps, as well as amplification steps so that multiple instances of a single parent molecule are
sequenced, for instance with PCR amplification prior to delivery to flow cell in the case of sequencing by

synthesis.

An adapter or adaptor refers to a short double-stranded or partially double-stranded DNA molecule of
around 10 to 100 nucleotides (base pairs) which has been designed to be ligated to a DNA fragment. An adaptor
may have blunt ends, sticky ends as a 3 or a 5 overhang, or a combination thereof. For example, to improve
ligation efficiency, an adenine may be added to each of the 3 blunt ends of the fragmented DNA prior to
adaptor ligation, and the adaptor may have a thymidine overhang on the 3 end to base-pair with the adenine
added to the 3 end of the fragmented DNA. The adaptor may have a phosphorothioate bond before the
terminal thymidine on the 3 end to prevent an exonuclease from trimming the thymidine, thus creating a blunt

end when the end of the adaptor being ligated is double-stranded.

A partially double stranded adaptor refers to an adaptor including both a double-stranded region and a single
stranded region. The double stranded region of the adaptor contains the ligation domain, whereas the single
stranded region contains the primering sequences used for subsequent library amplification, barcoding and/or

sequencing. The single stranded region can either be composed of two single stranded arms, a5 arm and a 3
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arm, as it is the case for so-called Y-shape adaptors, or the single stranded region of partially double stranded
adaptor can form a hairpin or a loop, as it is the case for the so-called U-shape adaptors. The term partially

double stranded adaptor refers thus both to Y-shape and U-shape adaptors or a combination thereof.

A PCR duplicate refers to a copy generated by PCR amplification from a single stranded DNA molecule

belonging to a DNA-adaptor product derived from an original DNA fragment.

A molecular tag or molecular barcode or molecular code or molecular identifier refers to a molecular

arrangement such as a nucleic acid sequence which is fully and uniquely specified by its string of nucleotides.

A numerical code or non-molecular code or non-molecular identifier refers to the measurement as one or
more numerical values of an inherent property of a molecular arrangement, which is not the molecular
arrangement itself. Examples of properties of a nucleic acid molecular sequence include length, size, molecular
weight, molarity, polarity, elasticity, stiffness, electrical conductivity, fluorescence, reflectivity to certain
excitation waves, or more generally any physical, chemical or biological property which may be experimentally

measured for a molecular arrangement and/or parts of a molecular arrangement.

A variable length code (VLC) refers to the variable length of a nucleic acid sequence which may be measured
as the number of nucleotides, the number of monomers, the number of polymers, the number of

homopolymers, the number of heteropolymers, or a combination thereof.

Read trimming or Read pre-processing refers, in a bioinformatics workflow, to the filtering out, in the
sequencing reads, of a set of nucleotides at the start of the read sequence string, such as for instance the

nucleotides corresponding to the adaptor sequences, to extract the real DNA fragment sequence to be analyzed.

Aligning or alignment or aligner refers to mapping and aligning base-by-base, in a bioinformatics
workflow, the pre-processed sequencing reads to a reference genome sequence, depending on the application.
For instance, in a targeted enrichment application where the sequencing reads are expected to map to a specific
targeted genomic region in accordance with the hybrid capture probes used in the experimental amplification
process, the alignment may be specifically searched relative to the corresponding sequence, defined by genomic

coordinates such as the chromosome number, the start position and the end position in a reference genome.

Variant calling or variant caller or variant call refers to identifying, in the bioinformatics workflow, actual
variants in the aligned reads. Variants may include single nucleotide permutations (SNPs), insertions or deletions
(INDELs), copy number variants (CNVs), as well as large rearrangements, substitutions, duplications,
translocations, and others. Preferably variant calling is robust enough to sort out the real variants from the

amplification and sequencing noise artefacts.

Consensus sequencing refers, in a bioinformatics workflow, to grouping sequencing reads into families of
reads issued from the same double-stranded DNA fragment and/or the same DNA fragment strand, comparing
them to detect errors due to the amplification and/or sequencing steps, and correcting the errors to produce a
unique, deterministic consensus sequence for the double-stranded DNA fragment or the DNA fragment strand.
Variant calling is then performed by processing the resulting consensus sequences, rather than the totality of

reads.
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Probabilistic sequencing refers, in a bioinformatics workflow, to grouping sequencing reads into families of
reads issued from the same double-stranded DNA fragment and/or the same DNA fragment strand and
performing variant calling directly on this data, by processing the totality of reads from different families in order
to compute the probability of data supporting all the possible genotypes at each genomic position to be

analysed, by comparing the data with a probabilistic model.
Workflow

An exemplary low frequency DNA variant identification workflow will now be described with further detail with
reference to FIG. 1. As will be apparent to those skilled in the art of DNA analysis, such a workflow comprises
preliminary experimental steps to be conducted in a laboratory (also known as the wet lab ) to produce DNA
analysis data, such as raw sequencing reads in a next-generation sequencing workflow, as well as subsequent
data processing steps to be conducted on the DNA analysis data to further identify information of interest to the
end users, such as the detailed identification of DNA variants and related annotations, with a bioinformatics
system (also known as the dry lab ). Depending on the actual application, laboratory setup and bioinformatics
platforms, various embodiments of a DNA analysis workflow are possible. FIG. 1 describes an example of a
workflow comprising a wet lab process wherein DNA samples are first fragmented with a fragmentation protocol
50 (optional) to produce DNA fragments. The DNA ends of these DNA fragments are then repaired and modified
such as to be compatible with the adaptors that will be used. Adaptors as will be further described in more detail
throughout this enclosure may then be joined by ligation 100 to the DNA fragments in a reaction mixture, so as
to produce a library of DNA-adaptor products, in accordance with some of the proposed methods. The DNA
library further undergoes amplification 110 and sequencing 120. In a next generation sequencing workflow, the
resulting DNA analysis data may be produced as a data file of raw sequencing reads in the FASTQ format. The
workflow may then further comprise a dry lab Genomic Data Analyzer system 150 which takes into input the raw
sequencing reads for a pool of DNA samples prepared with the ligation adaptors according to the proposed
methods, and applies a series of data processing steps to identify genomic variants, for instance as a genomic
variant report for the end user. An exemplary Genomic Data Analyzer system 150 is the Sophia Data Driven
Medicine platform (Sophia DDM) as already used by more than 1000 hospitals worldwide in 2019, but other
systems may be used as well. Different detailed possible embodiments of data processing steps as may be
applied by the Genomic Data Analyzer system 150 are described for instance in the international PCT patent

application W02017/220508, but other embodiments are also possible.

In a preferred embodiment, the Genomic Data Analyzer system 150 may first apply one or more pre-processing
steps 151 to produce pre-processed reads from the raw sequencing reads inputs. The pre-processing steps may
for instance comprise adaptor trimming, as well as read sorting, to analyze and group reads in families of reads
issued from similar DNA fragments in accordance with the proposed adaptor ligation methods and numerical
coding methods as will be further described herein. In a possible embodiment, the raw reads as well as the pre-

processed reads may be stored in the FASTQ file format, but other embodiments are also possible.
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The Genomic Data Analyzer system 150 may further apply sequence alignment 152 to the pre-processed reads
to produce read alignment data. In one embodiment, the read alignment data may be produced for instance in

the BAM or SAM file format, but other embodiments are also possible.

The Genomic Data Analyzer system 150 may further apply variant calling 153 to the read alignment data to
produce variant calling data. In one embodiment, the variant calling data may be produced for instance in the

VCF file format, but other embodiments are also possible.

The Genomic Data Analyzer system 150 may further apply variant annotation 154 to the read alignment data to
produce a genomic variant report for each DNA sample. In one embodiment, the genomic variant report may be
visualized by the end user on a graphical user interface. In another possible embodiment, the genomic variant

report may be produced as a text file for further data processing. Other embodiments are also possible.
Fragmentation

In some embodiments, methods as described herein will involve the use of genomic and mitochondrial DNA to
be sequenced and determination of such information as the location and coding of genes, promoters, exons,
introns, and potentially epigenetic information, such as CpG islands, and methylation, potentially in conjunction
with bisulfide conversion. Genomic DNA may be chromosomal DNA or circular DNA. Alternately, mRNA may be
reverse transcribed into complementary DNA or cDNA, and said cDNA may be fragmented, or it may be of a
small enough length that it may be sequenced without fragmentation. The complementary cDNA, fragmented
or non-fragmented, may be single-stranded, and could then be made double-stranded by annealing random
primers and/or other primers and elongating the primers to be complementary to the cDNA, thus forming a
double-stranded cDNA. In some embodiments, the double-stranded cDNA and mitochondrial and/or genomic
DNA must be fragmented 50 prior to sequencing 120. Fragmentation 50 may be achieved by several means
including but not limited to sonication, ultrasonication, mechanical shearing, partial digestion via for example
restriction enzyme digestion, etc. Fragmentation may result in a fragmented DNA being 50 to 10000 base-pairs
in length, preferably 200 base-pairs to 800 base-pairs in length, more preferably 300 to 500 base-pairs in length,
and more preferably still 400 base-pairs in length. The DNA fragments, whether from cDNA, genomic DNA, or
mitochondrial DNA, may be sized-fractionated, for example by agarose gel electrophoresis; gel chromatography;
equilibrium density-gradient centrifugation, including sucrose gradient centrifugation, percol gradient

centrifugation, cesium-chloride centrifugation; and other means.
Adaptor Ligation/Insertion

After fragmentation and end-repair 50, in the case of genomic DNA or chromosomal DNA or reverse
transcription followed by formation of double-stranded DNA, adaptors may be ligated or linked 100 to each of

the ends of the fragmented double-stranded DNAs.

FIG. 2 shows an embodiment of the ligation 100 of two adaptors 200, 250 to each end of a DNA fragment 220.
Each adaptor 200, 250 as shown in the exemplary embodiment as illustrated by FIG. 2 may comprise a partially
double-stranded molecule of DNA with a single nucleotide (T) 3 overhang at the end to be annealed to the

double-stranded fragmented DNA. Each adaptor 200, 250 comprises a double stranded segment 210, 260 at one
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end which constitutes a spacer sequence (SS) separating the adaptor 200, 250 from the DNA fragment 220
nucleotide sequences in subsequent high-throughput sequencing reads (Readl, Read 2). In a possible
embodiment as illustrated by FIG.2, the latter spacer sequence end may contain a single-nucleotide T 3
overhang, but other embodiments are also possible as will be apparent to those skilled in the art, for instance it
may be blunt ended or it may be substituted by another 3 or 5 overhang, so as to facilitate the ligation 100 of

the adaptor 200, 250 to the target double stranded DNA molecules 220 (e.g., genomic DNA or gDNA ).

An adaptor comprises a double-stranded sequence at the end being annealed to the double-stranded DNA. In
this regard, one of the two strands of the double-stranded sequences of the adaptor will be ligated to the 3 end
of the fragmented double-stranded DNA, and the other of the two strands of the double-stranded sequences of

the adaptor will be ligated to the 5 end of the fragmented double-stranded DNA.

The ends of the double-stranded sequences of the adaptors being ligated to the fragmented double-stranded
DNA are not limited and may comprise blunt ends, 3 overhangs, and 5 overhangs. In this regard, the 5 ends of
the adaptors being ligated could either terminate with a 5 -phosphate or a 5-OH. If a 5-OH is at the adaptor
end to be ligated to the target nucleic acid, it may be necessary to use a polynucleotide kinase to complete the
backbone and join the 5 -OH of the adaptor to the 3 -OH of the fragmented DNA. In some embodiments a one
nucleotide overhang able to be ligated by T-4 ligase from the T-4 bacteriophage is preferable. Thus, in some
embodiments, an adenine may be added to each of the 3 blunt ends of the fragmented DNA prior to adaptor
ligation, and the adaptor may have a thymidine overhang on the 3 end to base-pair with the adenine added to
the 3 end of the fragmented DNA. In some embodiments, an adenine may be added to each of the 3 blunt
ends of the fragmented DNA prior to adaptor ligation, and the adaptor may have a phosphorothioate bond
before the terminal thymidine on the 3 end to base-pair with the adenine added to the 3 end of the
fragmented DNA. The phosphorothioate bond before the terminal thymidine will prevent an exonuclease from

trimming the thymidine, thus creating a blunt end when the end of the adaptor being ligated is double-stranded.
Adaptors with variable length spacer sequence

In a preferred embodiment, as illustrated on FIG. 2, each adaptor 200, 250 comprises a spacer sequence 210,
260 terminating its double-stranded end to be linked to the DNA fragment 220. In one embodiment, part or all
of the spacer sequence 210, 260 may be truncated from a predefined, constant nucleotide sequence S of length

Ls nucleotides to form a diversity of variable length truncated spacer subsequences S;, S;.

In one embodiment, in order to facilitate downstream read trimming pre-processing 151 by the genomic data
analyzer 150 out from the raw sequencing reads, each truncated spacer subsequence S, S; of respective lengths
Ls, Lg of at most Ls nucleotides may be followed by a constant termination subsequence TS of a length Ly at
least 3 nucleotides, for instance by concatenating each truncated variable length subsequence S;, S; with the TS

termination subsequence, to form the variable length spacer sequences 210, 260, as illustrated on FIG.2.

Preferably, the predefined, constant nucleotide sequence S and the constant termination subsequence TS are
chosen such that the constant termination subsequence TS differs from the reminder of the sequence S by an

edit distance of at least two. As illustrated by FIG. 2, each adaptor spacer sequence SS 210, 260 may thus be
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terminated by the same, constant termination subsequence TS of at least 3 nucleotides, the termination
subsequence TS differing from the reminder of the sequence S (and thus from any of its derived truncated

spacer subsequences S;, S;) by an edit distance of at least two.

As illustrated by FIG. 3, a plurality of adaptors may be used, differing from each other specifically by the length of
their truncated spacer subsequence S;, S;. The resulting total length for the spacer sequence 210, 260 once
concatenated with a constant termination subsequence TS may thus be for example 3 nucleotides (as is the
minimal size for a termination subsequence which may be used as a triplet stop code to facilitate downstream
read trimming pre-processing 151), 10 (743) nucleotides, 5 (2+3) nucleotides, 7 (4+3) nucleotides, 4 (1+3)
nucleotides More generally, the spacer sequence variable length may be at least Lys =3 nucleotides, and at
most L. = Ls+ L nucleotides. Similarly, for a quadruplet termination subsequence TS, the spacer sequence

variable length may be at least L5 = 4 nucleotides, and at most L, = Ls + Lis nucleotides, etc.

In general, the maximal length Ls of the constant polynucleotide sequence S may be chosen such that the
derived spacer sequence 210, 260 does not take too long a segment relative to the total sequencing read length
(which may be as low as 150 base pairs in some high throughput sequencing workflows) while enabling enough
different variable truncated lengths to provide the required combinatorial diversity to discriminate PCR
duplicates from similar DNA fragments from the biocinformatics workflow point of view, that is fragments which
share the same reference mapping positions once ligated with a couple of adaptors out of the plurality of
adaptors with different truncated lengths. In a possible embodiment, Ls may be chosen as 5, 6, 7, 8,9, 10, 11, 12,
13, 14, 15, 16, 17, 18, 19 or 20 nucleotides, but other embodiments are also possible. When preparing a pool of
samples for high throughput sequencing, in a possible embodiment the same constant polynucleotide sequence
S may be used to prepare the ligation adaptors for all samples in a pool of samples to be multiplexed together in
the NGS workflow; in an alternate embodiment different constant polynucleotide sequences may be defined and
used to prepare the ligation adaptors for different samples in the same pool. In the latter embodiment, the
plurality of adaptors produced for each sample in the pool of samples may differ by either the predefined
termination subsequence (TS) or the predefined nucleotide sequence (S) used for truncating for the variable
spacer subsequence. The choice of (TS, S) is thus common and constant for all fragments of a sample, but differs

from one sample to another in the same pool.

FIG. 4 illustrates the resulting ligation and corresponding numerical code for three exemplary DNA fragments
421, 422, 423. The first DNA fragment 421 is ligated to a first adaptor 401 comprising a spacer sequence 411
(SS;) having a total length L; of 3 nucleotides on one end and to a second adaptor 451 comprising a spacer
sequence 461 (SS,) having a total length L, of 10 nucleotides on its other end. The second DNA fragment 422 is
ligated to a third adaptor 402 comprising a spacer sequence 412 (SS;) having a total length L3 of 5 nucleotides on
one end and to a fourth adaptor 452 comprising the same spacer sequence 462 (SS; note that in this specific
example SS, = SS;) having a total length L, = L; = 5 nucleotides on its other end. The third DNA fragment 423 is
ligated to a fifth adaptor 403 comprising a spacer sequence 413 (SS;s) having a total length L; of 7 nucleotides on
one end and to a sixth adaptor 453 comprising a spacer sequence 463 (SSg) having a total length Lz = 4

nucleotides on its other end. The first DNA-adaptor product issued from DNA fragment 421 may thus be
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associated with a numerical code {3,10} (or {10,3} depending on the read direction) corresponding to the
respective lengths of the spacer sequences from its adaptors on both ends. The second DNA-adaptor product
issued from DNA fragment 422 may thus be associated with a numerical code {5,5} (in any read direction)
corresponding to the respective lengths of the spacer sequences from its adaptors on both ends. The third DNA-
adaptor product issued from DNA fragment 423 may thus be associated with a numerical code {7,4} (or {4,7}
depending on the read direction) corresponding to the respective lengths of the spacer sequences from its
adaptors on both ends. It is thus possible to discriminate between the first, second and third DNA-adaptor
products with identical mapping positions in a DNA library and to trace back the derivative DNA products from
each parent DNA-adaptor product by identifying the spacer sequences on both ends of the derivative DNA
products and measuring their respective lengths to identify the numerical code inherited from the parent DNA-

adaptor product.

FIG. 5a) illustrates a first example of ten possible spacer sequences identified in FIG. 5a) as v9, v8, v7, v6, v5, v4,
v3, v2, v1, v0. Each spacer sequence may be formed by the truncation left to right from the start of a constant
sequence S=CCACAACAC of length Ls=9, further concatenated with a termination subsequence (TS) triplet T,G,T
(itself ending with a T overhang to facilitate the ligation). FIG. 5b) illustrates an alternate, second example of ten
possible spacer sequences which may be truncated right to left from the end of a constant sequence
S=CCACAACAC of length [;=9, further concatenated with a termination susbsequence (TS) triplet T,G,T (itself
ending with a T overhang to facilitate the ligation). In both examples of FIG.5a) and FIG.5b), the constant
sequence S=CCACAACAC is of length Ls=9 and each possible derived truncated subsequence has a subsequence
length of 9, 8, 7, 6, 5, 4, 3, 2, 1 and 0 nucleotide respectively. When followed by a triplet of T,G,T nucleotides,
which will correspond to a triplet code TGT in the resulting sequencing reads, the resulting spacer sequence total

lengths are then respectively 12, 11, 10,9, 8, 7, 6, 5, 4, and 3 nucleotides.

In a possible embodiment, the full spacer sequence length of the truncated plus termination subsequences
(absolute length, for instance numerical in the range values 3 to 12) may be used to form the numerical code. In
an alternate embodiment the sole length of the truncated subsequence part of the spacer sequence, thus
excluding the constant length of the termination subsequences, may be used to form the numerical code

(relative length, for instance numerical values in the range 0 to 7).
Amplification and Sequencing

Once the DNA products have been produced with adaptor ligation, they may be amplified by a polynucleotide
amplification reaction to produce multiple polynucleotide sequences replicated from one or more parent
sequence. As will be apparent to those skilled in the art of next generation sequencing, amplification may be
produced by various methods, for instance a polymerase chain reaction (PCR), a linear polymerase chain
reaction, a nucleic acid sequence-based amplification, rolling circle amplification, and other methods. In some
embodiments, after library amplification, DNA-adaptor products can then be sequenced using any technology
known in the art including, but not limited to, the lllumina sequencing technology, the Ion Torrent sequencing
technology, the 454 Life Sciences sequencing technology, the ABI SOID sequencing technology, the Pacific

Biosciences sequencing technology or the Oxford nanopore sequencing technology. For example, in the case of
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the Illumina sequencing platform, the sequencer primering sequences present on both ends of library products
have the functional property of annealing or binding to the flow cell oligomers or flow cell sequences. As will be
apparent to those skilled in the art of next generation sequencing, a bridge-amplification process 110 may then be
carricd out wherein the fragmented DNA comprising the adaptor sequences (including the spacer sequences), the
first primering sequences, and the second primering sequences will be annealed to either a first and/or second
immobilizer sequences. The 3 -OH of the first and/or second immobilizer sequences will then be elongated, using
the fragmented DNA comprising the adaptor sequences, the first primering sequence, and the second primering
sequence, as a template the genetic information within the fragmented DNA comprising the adaptor sequences
(including the proposed spacer sequences), the first primering sequence, and the second primering sequence will
thus be transferred to the first or second immobilizer sequences and thus bound to the solid state support. The
fragmented DNA comprising the adaptor sequences (including the proposed spacer sequences), the first primering
sequences, and the second primering sequences will then be denatured or deannealed and removed. The bound
fragmented DNA will then be annealed to the immobilizer sequence at the free end of the bound fragmented DNA

and undergo several cycles of bridge amplification.

At this point in time, the cluster generation process has been completed and the flow cell is configured in such a
way as to permit sequencing by synthesis 120 by the reannecaling of the free immobilizing sequence to the cleaved
and therefore free immobilizer sequence. After priming, each nucleotide may be incorporated into the newly
synthesized strand of DNA based on the template strand annealed to the solid state support during cluster
generation. Each nucleotide being incorporated into the newly synthesized strand is associated with a different
fluorophore, and cach fluorophore may emit a different wave-length of light when the newly incorporated
nucleotide may be integrated into the new strand of DNA and/or base-pairs with its complementary counterpart (A

to T, G to C) during elongation.

In exonuclease based nanopore sequencing the nucleic acid may be digested and the produced free nucleotides
will be identified by their effect on the electric potential across a lipid a membrane. A single stranded nucleic acid
strand might also be forced to pass through a nanopore driven by differences in the electric potential or assisted by
enzymes such helicases or a polymerases. The movement of the nucleic acid strand through the nanopore may

produce a change in ¢lectric potential allowing the identification of the nucleic acid sequence.

The index sequence may then be used to identify the samples of the sequences. After read pre-processing 151 and
read alignment 152, PCR duplicates can be identified using the DNA fragment endogenous information and/or
mapping positions, the DNA fragment exogenous mapping positions or a combination thereof to distinguish true

mutants from misinsertions caused after the DNA fragmentation.

In some embodiments, during the polymerization or elongation of a new strand of DNA from a template strand,
DNA polymerase will sometimes incorrectly position a base which does not base-pair with the nucleotide opposite
it on the other strand of DNA this is referred to as a mismatch or misinsertion. In this regard, the newly
synthesized strand of DNA may be considered to be complementary to the template strand, even though one or
several mismatches may occur. In embodiments, it is contemplated that this mismatching error by DNA
polymerase may occur in a daughter strand of DNA, and that tracking all the copies belonging to the same PCR
duplicate group as this daughter strand may permit discrimination of these mismatches from genctic

polymorphisms (e.g. mutations) found in the genomic DNA as extracted from the cell.
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Read pre-processing

After amplification 110, each DNA-adaptor product is replicated in a plurality of PCR duplicates. As illustrated on
FIG. 6, two PCR duplicates 601, 602 issued from the same DNA-adaptor product, that is from the same DNA
fragment, will thus have the same start and end coordinates and carry the same spacer sequences on their ends,
which will be found in the resulting raw sequencing reads after sequencing 120. It is therefore possible to group
them together in the downstream genomic analysis workflow by measuring the respective lengths of their

spacer sequences (numerical code={9,7} in the example of FIG. 6).

As will be appreciated by those skilled in the art of low frequency DNA analysis, PCR duplicates issued from other
DNA-adaptor products, that is from different DNA fragments, are unlikely to carry the same spacer sequences
lengths provided that 1) the number of different possible adaptor combinations is large enough relative to the
number of possibly colliding DNA fragments to discriminate out of the reads with the same start and end
positions after alignment 152 and 2) the PCR amplification and sequencing errors, including possible insertion or
deletion of nucleotides in the spacer sequence, can be detected thanks to the use of a constant sequence S as

the basis for the truncated spacer subsequences to be retrieved in the reads.

As illustrated on FIG. 2, in the case of pair-end sequencing technology, after sequencing two different read
directions READ1 and READ2 may each generate a different spacer sequence yet with a common termination
sequence TS in the FASTQ file, but this spacer sequence may have a different length for each DNA-adaptor
product, thus enabling to statistically distinguish it from another one. In the alignment 152 step, the start and
the end positions of the DNA fragment sequence 220 to analyze will be thus shifted apart among most of the

reads issued from different DNA-adaptor products, thus creating further endogenous diversity.

For instance, with reference to FIG.4, for the first DNA fragment 421 a first spacer sequence 411 will constitute
the first 3 nucleotides in the raw sequencing reads for PCR duplicates read from 3 to 5 direction, while the
second spacer sequence 461 will constitute the first 10 nucleotides in the raw sequencing reads for the same
PCR duplicates read in the reverse 5 to 3 direction. For the second DNA fragment 422 the third spacer sequence
412 will constitute the first 5 nucleotides in the raw sequencing reads for PCR duplicates read from 3 to 5
direction, and the fourth spacer sequence 462 will constitute the first 5 nucleotides in the raw sequencing reads
for the same PCR duplicates read in the reverse 5 to 3 direction. For the third DNA fragment 423 the fifth
spacer sequence 413 will constitute the first 7 nucleotides in the raw sequencing reads for PCR duplicates read
from 3 to 5 direction, and the sixth spacer sequence 463 will constitute the first 4 nucleotides in the raw
sequencing reads for the same PCR duplicates read in the reverse 5 to 3 direction. It is thus possible to
uniquely associate a numerical code to each DNA fragment: the combination {L; , L;} ={3 , 10} of the spacer
sequence length values for respectively the first end and the second end of the first DNA fragment 421; the
combination {L3, L;} ={5, 5} of the spacer sequence length values for respectively the first end and the second
end of the second DNA fragment 422; the combination {L; , Lg} ={7 , 4} of the spacer sequence length values for
respectively the first end and the second end of the third DNA fragment 423, etc. As illustrated by FIG. 4, it is

thus possible to group the PCR duplicate raw sequencing reads based on the variable length of the spacer
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sequences as can be retrieved from their start sequence of nucleotides in the raw sequencing reads sequenced

from the PCR duplicates issued from the DNA-adaptor products generated with the proposed method.

FIG. 7 provides examples of the start sequences for three different reads as may be issued from the sequencing
of the DNA-adaptor products constructed according to the exemplary sequences of FIG. 5a). Each spacer
sequence ends with the termination sequence triplet TGT as in the example of FIG.5a), so it is possible for the

Genomic Data Analyzer 150 to search for this triplet as part of the read pre-processing step 151.

In a first possible embodiment (not illustrated), the read pre-processing 151 consists in first trimming the read
start sequence by L, nucleotides, L, being the sum of the length Ls of the constant sequence S out from
which the subsequences are truncated and of the length Ly of the concatenated constant termination
subsequence TS. After trimming the reads in the FASTQ file the remainder of the sequence for each read may be

stored in a pre-processed FASTQ file.

As will be apparent to those skilled in the art of sequencing, due to the use of variable length adaptors, the
resulting pre-processed reads will be shifted relative to each other with different start and end positions after
subsequent alignment 152, which will de facto statistically separate the alignment results issued from different
DNA-adaptor products. The latter endogenous length discrimination may however not be statistically sufficient
to discriminate between the DNA fragments to be analyzed, depending on the actual application needs.
Moreover, it has the drawback of losing a few nucleotides at the start of the fragment due to trimming to the
length of the longest possible adaptor even for the reads carrying shorter truncated spacer subsequences.
Therefore, in alternate embodiment, the termination subsequence TS may be searched at the start of each read
sequence. Once it is found, the length of the spacer sequence string may be measured, for instance as the
distance between the start of the read and the start of the termination subsequence TS (relative spacer
sequence SS length). Alternately, it may be measured as the distance between the start of the read and the end
of the termination subsequence TS (absolute spacer sequence SS length). Each read may thus be assigned a
different spacer sequence length measurement as part of the read pre-processing 151 step. In the example of
FIG.7, the first read carries at the beginning the spacer sequence 55;=CCACAACACTGT of absolute length L;=12;
the second read carries the spacer sequence SS,=ACAACACTGT of absolute length L,=10, and the third read
carries the spacer sequence SS;=CTGT of absolute length L;=4. The measured length value may thus be recorded
in the pre-processed FASTQ file so as to provide an extra numerical information enabling to trace back the DNA-
adaptor product origin of the read in the downstream alignment process 152. Thus, depending on the actual
needs of the application, the read sequence remainder to be input to the alignment may be either generically
trimmed to the length L, of the longest possible spacer sequence, so as to provide a further endogenous

length discrimination to the alignment process (yet at the expense of losing a few nucleotides at the beginning of
the fragment sequence itself), or alternately it may be individually trimmed to the actual spacer sequence SS
length L, as measured for each sequencing read R, by the pre-processing 151 (until the end of the termination

sequence TS).

Read mapping and alignment
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The resulting pre-processed reads may then be aligned 152 to a reference genome. It is then possible to
discriminate in the data records (typically stored as BAM or SAM file formats) the set of reads issued from PCR
duplicates of different original DNA fragments based on one or more of the following features available in the

data records:

1) The numerical code obtained by combining the adaptor spacer sequence lengths measured in the
reads;

2) The mapping position (i.e., start-end) of the DNA fragment, relative to the reference genome.

In the case of pair-end sequencing, the pair-end read orientation information (i.e., F1IR2 or F2R1), which allows
to discriminate pair-end reads issued from the original plus or minus strand may be used. For each couple of
pair-end reads (i.e., R1 and R2) it is possible to recover their possibly different adaptor lengths and use these
numbers to form a numerical code (composed of a pair of integer values) to be stored as a tag in a read
alignment file, such as a BAM format file. In a first step, pair-end reads aligned to the same start and end
position (relative to the reference genome sequence reading direction) and having the same pair of measured
adaptor lengths (L1, L2) or (L2, L1) may be grouped as sequencing reads possibly issued from the two strands of
the same original double-stranded DNA fragment. Then each group may be further subdivided in two sub-groups
according to their strand of origin, where the actual pair of measured adaptor lengths (L1, L2) is given by {L,
(forward) , Lm (reverse)} i case of pair-end reads with F1R2 orientation and by {L;, (reverse), Lm (forwara)} N case of pair-end

reads with F2R1 orientation.

The resulting information may be recorded in a raw fragment-tagged read alignment file, such as a BAM or SAM
format file. Using this file, it is possible to cluster groups of pair-end reads issued from the same fragment
ligation from the alignment, so that downstream genomic analysis steps such as variant calling 153 can be
performed by exploiting the information provided by PCR duplicates issued from the two strands of the original

DNA fragment.
Variant calling

The resulting aligned reads may then be analyzed 153 to identify variants relative to the reference genome, such
as SNVs, indels or structural variants (copy number variations, duplications, translocations ). As illustrated by
FIG. 8 and as reviewed for instance by Xu in A review of somatic single nucleotide variant calling algorithms for
next-generation sequencing data , Computational and Structural Biotechnology Journal 16, pp.15-24, Feb 2018,
different approaches may be applied by the Genomic Data Analyzer 150. FIG. 8a) illustrates the consensus
sequencing approach, in which a single polynucleotide sequence is collapsed out of each group of sequence
reads sharing, in the aligned BAM file, the same alignment position and numerical code tag according to the
proposed method. If group members disagree at certain positions, as represented by circles in FIG.8a), various
rules may be used to generate the consensus sequence which is then stored in a consensus BAM file (also known
as read collapsed BAM file) as a single consensus aligned sequence read for each group of reads (family of reads
corresponding to a parent fragment). The most frequently found base within the group may be kept as the
consensus (simple majority rule). Quality scores may also be used to refine the consensus (weighted scoring).

The resulting consensus sequence may then be processed by any conventional raw-reads-based variant callers.
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More generally, as will be apparent to those skilled in the art of NGS biocinformatics workflows, any consensus
sequencing approach that is suitable as an intermediate step for collapsing the aligned reads into a single
polynucleotide sequence prior to variant calling 153 may be used in combination with the proposed numerical
code tag, similar to the processing of the UMI tag as in the public domain prior art methods reviewed by Xu, for
instance with the MAGERI bioinformatics workflow ( MAGERI: Computational pipeline for molecular-barcoded
targeted resequencing , Shugay et al., PLoS Comput. Biol. 2017 May; 13(5}), or in various commercial genomic
data analysis workflows, for instance with the lllumina Read Collapsing step
(https://support.illumina.com/help/BaseSpace_App_UMI_Error_Correction_OLH_1000000035906/Content/Sour
ce/Informatics/Apps/Read_Collapsing_appUMI.htm).

The above conventional consensus sequencing approaches however suffer from a number of limitations, which
may be overcome by using more advanced genomic data analysis workflows based on advanced statistical
modeling, such as data-driven methods derived from signal processing, or machine learning algorithms. FIG. 8b)
illustrates probabilistic sequencing as an alternative embodiment to the consensus sequencing approach. In
probabilistic sequencing, instead of producing a consensus BAM file at an intermediate step between alignment
and variant calling, the Genomic Data Analyzer 150 may directly use the raw fragment-tagged alignment file to

feed the raw groups of aligned reads as input to a statistical variant caller.

Instead of relying on consensus sequences obtained with heuristic rules (such as, e.g., a majority vote), this class
of variant callers relies on statistical models describing how instrumental artefacts affects reads belonging to the

same or to different families (or groups). The statistical model can for example incorporate the knowledge that:

in the presence of a mutated DNA molecule, the variant is supported by all reads issued from the two
strands of that mutated molecule;

sequencing errors can occur frequently, but independently across reads belonging or not to the same
family;

PCR-errors are less frequent, but can affect multiple reads in the same family and rarely occur on both

plus and minus strand of the same DNA molecule.

Analyzing the totality of reads within such a probabilistic framework allows, e.g., to compute the posterior
probability of a variant allele frequency of interest. This posterior probability could then be used to, e.g.,
produce a variant call (e.g., if the probability of variant allele frequency > 0 with probability p > threshold) and
quantify its confidence level (i.e., the probability that the signal was generated by a real variant, rather than by

instrumental noise).

One recently disclosed example of such a statistical variant caller is the SmCounter2 public domain stand-alone
statistical variant caller which takes as input the aligned reads to calculate the variant probability in accordance
with an error model based on a Beta distribution for the background error rates and a Beta-binomial distribution
for the number of non-reference UMI outliers ( smCounter2: an accurate low-frequency variant caller for
targeted sequencing data with unique molecular identifiers , Xu et al., Bioinformatics, Vol,.35(8), April 2019).
smCounter2 accepts both a raw UMI-tagged BAM file and a consensused BAM file as input. In the proposed

workflow, instead of the UMI tag the UMI-tagged BAM file may similarly include the numerical code tag of our
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proposed method, that is the pair of numerical values corresponding to the measured lengths of the variable
adaptors ligated on each end of the ligated fragment according to the proposed wet lab method. Similar to
SmCounter2, various variant callers from commercial workflows based on data-driven modeling, such as for
instance the Sophia Genetics Data-Driven Medicine software (Sophia DDM) may also be adapted to individually
call variants for each group of aligned reads issued from different DNA fragments based on the proposed

numerical code tagging.

Exemplary Experiments

Experiment 1

In a first experiment, we checked that all the proposed adaptors comprising a variable length spacer sequence as
illustrated for instance in FIG. 5b) can be ligated to DNA fragments to generate a library of DNA-adaptor
products. As illustrated by the measurement of FIG. 9, when using a reaction mixture with the proposed
adaptors during the ligation reaction, all spacer sequences adaptors can be ligated to DNA fragments and are

almost equally represented in the final DNA library.

Experiment 2

In a second experiment, we checked that the library of DNA-adaptor products as generated with the first
experiment can be sequenced on an NGS platform such as an Illumina NextSeq sequencer and decoded by a
genomic data analyzer 150 such as the Sophia Genetics Data Driven Medicine (Sophia DDM) bioinformatics
platform. Each spacer sequence can be decoded from the raw FASTQ files out of the sequencer by the Sophia
Genetics Data Driven Medicine genomic data analyzer 150. The reads obtained show the expected sequence
starting with the truncated spacer subsequence ending with the constant termination subsequence TS. FIG. 10
shows that even for the longest length adaptors (which are more prone to base calling errors) more than 93% of
the reads can be assigned to the expected spacer sequence by the bioinformatics workflow. In average, it is
possible to properly identify the spacer sequence (and thus measure its variable length to form the numerical

code tag) for around 95% of the reads.

Experiment 3

In a third experiment, using the raw reads as sequenced in the second experiment, we have compared with the
NGS data viewer their alignment results for a genomic analysis biocinformatics workflow (Sophia Genetics DDM
v5) ignoring the numerical code tagging, that is, grouping the reads obtained for a specific genomic position
solely based on their start and end positions out of the alignment (FIG. 11a)), versus the same genomic analysis
bioinformatics workflow further adapted to group the reads obtained for a specific genomic position based on
their start and end positions out of the alignment as well as the additional fragment tagging information of the
proposed method numerical code, made of the measured variable adaptor spacer sequence lengths on both

ends of the fragments (FIG. 11b)).

As can be seen on FIG. 11a) and FIG. 11b), the NGS data viewer highlights the genomic position 1100 of a
heterozygous SNPs. In a group of PCR duplicates without discriminating the origin fragment, in theory all the

reads should either display the SNP (and the downstream variant caller 153 should measure Variant Fraction= 1)
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or not display it (and the downstream variant caller 153 should measure Variant Fraction=0). In our practical
experiment however, as can be seen on FIG. 11a), only grouping the reads by their start and end information
does not allow to accurately identify PCR duplicate groups as the actual variant fraction of the SNP differs from 0
or 1. This indicates that these groups contain DNA fragments deriving from at least two original DNA fragments.
These original DNA fragments differed at the position of the SNP but were grouped together as they shared
identical start and end positions. In contrast, as can be seen on FIG. 11b), adding the proposed numerical code as
a tag allows to resolve these collisions by further subdividing and clustering the read groups of PCR duplicates
having the same start and end positions into subsets originating from the same parent fragment according to
their numerical code in the BAM file. In these subgroups, the Variant Fraction of the SNP can then be measured
by the downstream variant caller 153 as either 0 or 1 as expected, thus demonstrating that the proposed
numerical code in combination with the start and end position of the reads allows to discriminate PCR duplicates

from colliding molecules.

Experiment 4

Motivation As will be apparent to those skilled in the art, calling variants at low variant allele fractions (VAF) is
limited by sequencing errors and library preparation artefacts. A strategy to improve the analytical performance
of NGS assays consists in exploiting the information provided by PCR duplicates for calling variants. Prior art
solutions attempt to accurately identify PCR duplicate groups, for instance by mapping positions to identify PCR
duplicates. However, the diversity of the shear points (and thus mapping positions) may not be sufficient to
distinguish all original DNA molecules. Exogenous molecular barcodes have thus been introduced in order to
provide additional information for the identification of PCR duplicate groups. However, there is no consensus
today in the best industrial approach to generate such exogeneous barcodes, and a number of prior art solutions
require the use of expensive library generation solutions, most of which have been primarily designed for use in
a consensus sequencing workflow without benefiting from the most recent advances of probabilistic variant
calling solutions. In contrast, the proposed variable length DNA-adaptors constructs aim at jointly facilitating
both the exogenous identification of fragments and their efficient probabilistic genomic analysis to further
improve the sensitivity and specificity of low frequency variant detection. This is demonstrated by a dedicated

experiment, as will now be detailed.

Samples preparation - The nucleosomal DNA of six cell lines was spiked-in the nucleosomal DNA of a seventh cell
line in different ratios in order to generate three samples with a series of single nucleotide variations (SNVs) at

the following variant allele frequencies: 0.5-4%, 0.25-2% and 0.1-0.8%.

Targeted Library preparation Whole-genome libraries were prepared in duplicate from 25 ng of each DNA mix
using SOPHIA GENETICS library preparation kit following manufacturer s instructions with minor modifications.
Briefly, after end-repair and A-tailing, the DNA fragments of each sample were ligated either to standard, non-
barcoded, adaptors or to a set of variable length adaptors comprising a variable length spacer sequence as
illustrated in FIG. 5b) (Lys=3, Ls=9, so as to produce 10 different DNA adaptors of respective lengths 3 to 12

nucleotides). The libraries were then amplified using indexed, Illumina-compatible primers. Whole-genome
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libraries were captured using SOPHIA GENETICS capture protocol and a SOPHIiA GENETICS catalog panel

(footprint: 56 Kb) covering 23 of the SNVs present in the DNA mixes.

Data analysis The libraries from the variable length adaptors construction experiment were first pre-processed.
The position of the constant subsequence at the beginning of the forward and reverse reads was determined.
Then, the length of the adaptors present on both sides of each DNA fragment was used to generate a
combinatorial code that was added to the read header prior to trimming the variable length adaptor sequences.
Then, the reads of all libraries were aligned to the genome using the BWA-MEM aligner. Groups of PCR
duplicates were identified using the fragment mapping position and the aforementioned combinatorial code.
Variant calling was performed either by probabilistic sequencing or duplex consensus sequencing. For
probabilistic sequencing, the posterior probability of the group of PCR duplicates being issued from a molecule

carrying a SNV was computed and used to assign a quality score to each identified PCR duplicate group.
Results

FIG. 12 shows that the proposed variable length adaptors facilitate the detection of rate variants in artificial
nucleosomal DNAs. FIG. 12a) shows the variant calling results for 3 samples (25ng DNA input) analyzed in
replicates and harboring 23 SNVs at 3 distinct VAFs ranges (sample 1: 0.5-4%; sample 2: 0.25-2%; and sample 3:
0.1-0.8%) when prior art standard adaptors are used. FIG. 12b) shows the variant calling results obtained when
the proposed variable length adaptors are used. Out of the 144 SNVs tested in this experiment, only 107 were
detected when using standard adaptors. Using SLA libraries, the sensitivity improved with 123 variants being
called. FIG. 12c) further compares the ROC curve showing the performance of variant calling in terms of true
positive rate (TPR) versus false positive rate (FP) when respectively using probabilistic sequencing (dark grey) or
duplex consensus sequencing (light grey) in the samples harbouring variants with VAF ranging between 0.1-0.8%
and processed using the prior art standard adaptors. FIG. 12d) further compares the ROC curve showing the
performance of variant calling in terms of true positive rate (TPR) versus false positive rate (FP} when
respectively using probabilistic sequencing (dark grey) or duplex consensus sequencing (light grey) in the
samples harbouring variants with VAF ranging between 0.1-0.8% and processed using the proposed variable

length adaptors.

Advantages of the proposed method

The proposed method thus facilitates the NGS bioinformatics identification of variants even out of low input
DNA amounts while only requiring the ligation of a few predefined variable length adaptors to produce a library

of DNA-adaptor products suitable for various downstream NGS workflows.

As will be apparent to those skilled in the art of high-throughput sequencing data processing, in the genomic
analysis workflow the trimming of the adaptor sequence during read pre-processing need to be accurate, since
over-trimming will lead to a loss of sequencing coverage and under-trimming can introduce sequencing
artefacts. Prior art variable length adaptors that do not possess a constant termination subsequence signal (TS)
do not allow to identify the boundary between the barcode and the beginning of the insert DNA fragment. As a

result, they usually require trimming on the adaptor full length Lmax, and cause reduced coverage.
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Moreover, the synthesis of adaptors being expensive, in a routine clinical practice workflow it is preferable use
as many barcodes as required to resolve collisions for a specific application. When using a limited number of
barcodes, it is important that those are uniformly represented in the final library, otherwise the effective
number of barcode combination is reduced and may not suffice anymore. Having a constant termination
subsequence TS at the extremity of each barcode prevents ligation sequence-specific biases and allows thus to

have a more uniform barcode usage.

Furthermore, depending on the actual sequencing technology, for instance with Illumina sequencers, having
base imbalance in the first sequencing cycles can reduce the sequencing quality. This can become an issue when
using a limited number of random barcodes. Using predetermined sets of spacer sequences of variable length,
that may be designed such as to have a balance base composition at each sequencing cycle, allows to maintain a

high sequencing quality.
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Claims

1. A method for generating a library of DNA-adaptor products from at least two DNA fragments to
facilitate the identification of the fragments in a high throughput sequencing data genomic data
analysis workflow after amplification and sequencing, said method comprising:

(n generating a pool of DNA-adaptors, wherein the adaptors differ from each other by their
total lengths of at least 3 and at most L,,,, nucleotides, wherein each adaptor comprises a
constant termination subsequence TS of length Lys Ly 3 nucleotides concatenated with a
variable spacer subsequence, and wherein the variable spacer subsequence is truncated
from a common constant, predefined nucleotide sequence (S) having a length of L
nucleotides, 5 Ls 20 nucleotides;

(1) ligating, in a reaction mixture, a first and a second adaptors from the pool of DNA-adaptors
to each end of a first double-stranded DNA fragment to produce a first DNA-adaptor
product, each adaptor comprising a plurality of double-stranded or partially double-stranded
polynucleotides, each double-stranded or partially double-stranded polynucleotide
comprising a spacer sequence on the double-stranded extremity of the adaptor, so that the
first DNA-adaptor product may be characterized by a numerical code formed by the
respective lengths (L;, L;) of the first and the second DNA-adaptor spacer sequences (SS;,
SSa);

() ligating, in the same reaction mixture, a third and a fourth adaptors from the pool of DNA-
adaptors to each end of a second double-stranded DNA fragment to produce a second DNA-
adaptor product, each adaptor comprising a plurality of double-stranded or partially double-
stranded polynucleoctides, each double-stranded or partially double-stranded polynucleotide
comprising a spacer sequence on the double-stranded extremity of the adaptor, so that the
first DNA-adaptor product may be characterized by a numerical code formed by the
respective lengths (L;, L,) of the first and the second DNA-adaptor spacer sequences (SS;,

SSa).

2. The method of claim 1, wherein the constant termination subsequence TS differs from the constant,

predefined nucleotide sequence S by an edit distance of at least two.

3. The method of any of the claims 1 or 2, wherein the spacer subsequence is truncated left to right

from the start from said constant nucleotide sequence (S).

4, The method of any of the claims 1 or 2, wherein the spacer subsequence is truncated right to left

from the end from said constant nucleotide sequence (S).

5. The method according to any of the claims 1 to 4, wherein the constant termination subsequence TS

is a triplet nucleotide ending with a T overhang to facilitate ligation to the DNA fragments.

6. The method according to any of the claims 1 to 4, wherein the constant termination subsequence TS

is a quadruplet nucleotide ending with a T overhang to facilitate ligation to the DNA fragments.
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7. The method of any of the preceding claims, further comprising:

() amplifying the DNA-adaptor products to produce PCR duplicates suitable for high-

throughput sequencing;

(IV) sequencing the PCR duplicates with a high-throughput sequencer to produce raw sequencing
reads.
8. The method of claim 7, further comprising:
(V) for each sequencing read R,
a. trimming L. nucleotides from the beginning of the read, to produce a trimmed
sequencing read;
b. recording the trimmed sequencing read in a pre-processed sequencing read file;
(V1) aligning to a reference genome the trimmed sequencing reads from the pre-processed
sequencing read file, so as to map each trimmed read to a start position and an end position.
9. The method of claim 7, further comprising:
(V) for each sequencing read R,
c. searching for the constant termination subsequence TS in the first L, nucleotides of
the sequencing read, and measuring the length L, of the spacer sequence SSg, as a
function of the number of nucleotides separating the start of the constant termination
subsequence TS from the start of the sequencing read R,
d. trimming at least L, nucleotides from the beginning of the read, to produce a trimmed
sequencing read;
e. recording the measured length L, and the trimmed sequencing read in a pre-processed
sequencing read file.
(V1) aligning to a reference genome the trimmed sequencing reads from the pre-processed
sequencing read file, so as to map each trimmed read to a start position and an end position.
10. The method of claim 9, wherein for each sequencing read R,, a number of nucleotides equal to L

are trimmed from the beginning of the read.

11. The method of claim 9, wherein for each sequencing read R,, a number of L, nucleotides

corresponding to the measured length of its spacer sequence are trimmed from the beginning of the read.

12. The method of any of the claims 9, 10 or 11, wherein sequencing produces pair-end reads, further
comprising grouping pair-end reads aligned to the same start and end position relative to the reference
genome sequence reading direction and having the same numerical code pair of measured spacer sequence
lengths (L1, L2), as sequencing reads issued from the two strands of the same original double-stranded DNA
fragment; and further subdividing those pair-end reads in two sub-groups according to their strand of origin,

where the numerical code pair of measured spacer sequence lengths (L1, L2) is given by {L, jorward), Lm reverse)} I
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case of pair-end reads with F1R2 orientation and by {L, freverse), Lm (forwara)} in case of pair-end reads with F2R1
orientation.

13. The method of claim 12, further comprising collapsing each group of reads sharing the same start,
end and numerical code into a consensus sequence for their parent fragment and identifying, with a variant
calling method, variants for this parent fragment into the collapsed consensus sequence.

14. The method of claim 12, further comprising identifying for each group of reads sharing the same start,
end and numerical code, with a statistical variant calling method, the probability of variants for their parent
fragment.

15. A multiplex high throughput sequencing genomic analysis method for identifying genomic variants in
at least two patient samples from a pool of samples, comprising generating a library of DNA-adaptor products
with the method of claim 1, the library of DNA-adaptor products being different across samples.

16. The method of claim 15, wherein the library of DNA-adaptor products differs across samples by the
termination subsequence TS.

17. The method of claims 15 or 16, wherein the library of DNA-adaptor products differs across samples by

the predefined nucleotide sequence (S) used for truncating for the variable spacer subsequence.
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