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We present avidity sequencing, asequencing chemistry that separately
optimizes the processes of stepping along a DNA template and that of
identifying each nucleotide within the template. Nucleotide identification
uses multivalent nucleotide ligands on dye-labeled cores to form

polymerase—polymer—-nucleotide complexes bound to clonal copies of DNA
targets. These polymer-nucleotide substrates, termed avidites, decrease
therequired concentration of reporting nucleotides from micromolar
tonanomolar and yield negligible dissociation rates. Avidity sequencing
achieves high accuracy, with 96.2% and 85.4% of base calls having an average
of oneerror per1,000 and 10,000 base pairs, respectively. We show that

the average error rate of avidity sequencing remained stable following a
long homopolymer.

Avidity sequencing chemistry enables a diversity of applica-
tions that include single-cell RNA sequencing (RNA-seq) and
whole-human-genome sequencing. For the human sample HG002,
avidity sequencing reached a single-nucleotide polymorphism (SNP)
F1score of 0.9958 and small-indel F1score of 0.9954.

Over the past 15 years, highly parallel sequencing methods have
enabled abroad set of applications'®. Multiple technologies have been
introduced during this time, each having various strengths and limita-
tions’. The technologies vary by accuracy, read length, run time and
cost. The most widely used method uses highly parallel and accurate
short-read sequencing, described in ref. 10 and termed sequencing
by synthesis (SBS).

The SBS methodology sequences DNA by controlled (that is, one
atatime) incorporation of modified nucleotides". The modifications
consist of a 3’ blocking group and a dye label>". The blocking group
ensures that only asingle nucleotide isincorporated, and the dye label
enables identification of each nucleotide following an imaging step.
The blocking group and label are subsequently removed, completing
the sequencing cycle. The cycle is repeated with the incorporation of
the nextblocked and labeled nucleotide. Incorporation of the modified
nucleotide meets two objectives: to advance the polymerase along the
DNA template and to differentially label the incorporated nucleotide
for base identification. Although combination of the two processes
is efficient, it prevents independent optimization of the processes.
High-yieldingand rapid incorporation requires micromolar concentra-
tions of nucleotides to drive the polymerizing reaction'®. The alterna-
tive, of allowinglongerincorporationtimes, resultsinlonger cycle times
that have an additive effect over 300 cycles of stepwise sequencing.

We present a different sequencing chemistry, termed avidity
sequencing, that separates and independently optimizes the controlled
incorporationand nucleotide identification stepsto achieveincreased
base-callingaccuracy relative to SBS while reducing the concentration
ofkey reagents tonanomolar scale. To advance thisapproach, we first
had to overcome the technical challenge of signal persistence. For
example, a potential strategy for separation of the steps described
above could be tofirstincorporatea3’ blocked but unlabeled nucleo-
tide and thentobind acomplementary labeled nucleotide to the sub-
sequent base in the template for base identification. This approach
is problematic because the dissociation rate for single nucleotides
from a polymerase-template complex is large, and the polymerase-
nucleotide complex does not remain stable throughoutimaging unless
prohibitively high concentrations of nucleotides are presentin the bulk
solution. To overcome this challenge, we used avidity.

Avidity refers to the accumulated strength of multiple affinities
ofindividual noncovalent bindinginteractions, which canbe achieved
when multivalent ligands tethered in close proximity simultaneously
bind to their targets”. Coincident binding increases ligand affinity
and residence time?. As an example of the potential impact of avidity
on both affinity and decreased dissociation rate, Zhang et al.”» dem-
onstrated that, by changing amonomeric to a pentameric nanobody,
itis possible to decrease dissociation rates by three to four orders of
magnitude. Our approachwas to use avidity for nucleotide detection
within the sequencing chemistry (Fig. 1). We demonstrate here that
avidity sequencing achieves accuracy, surpassing an average of one
error per10,000 base pairs (bp) (Q40), and enables a diversity of appli-
cations that include single-cell RNA-seq and whole-human-genome
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Fig.1| Avidity sequencing workflow and scheme. a, Sequencing by avidity. A
reagent containing multivalent avidite substrates and an engineered polymerase
are combined with DNA polonies inside a flowcell. The engineered polymerase
binds to the free 3’ ends of the primer-template of a polony and selects the
correct cognate avidite via base-pairing discrimination. The multivalent avidite
interacts with multiple polymerases on one polony to create avidity binding

that reduces the effective K, of the avidite substrates 100-fold compared with a
monovalent dye-labeled nucleotide, allowing productive binding of nanomolar
concentrations. Multiple polymerase-mediated binding events per avidite
ensure along signal persistence time. Imaging of fluorescent, bound avidites
enables base classification. Following detection, avidites are removed from the
polonies. Extension by one base using an engineered polymerase incorporates an
unlabeled, blocked nucleotide. A terminal 3’ hydroxyl is regenerated on the DNA

strand, allowing repetition of the cycle. b, Rendering of a single avidite bound to
aDNA polony via polymerase-mediated selection. The initial surface primer used
for library hybridization and extension during polony formation is shown in blue.
Sequencing primers (red) are shown annealed to the single-strand DNA polony
(gray). Eacharm of the avidite (black) connects the avidite core containing
multiple fluorophores (green) to a nucleotide substrate. The polymerase bound
to the sequencing primer selects the correct nucleotide to base pair with the
templating base (inset). The result is multiple base-mediated anchor points
noncovalently attaching the avidite to the DNA polony. ¢, Rendering of multiple
DNA polonies with template-specific avidites bound during the binding step of
the cycle (polymerase not shown for simplicity). Many avidites bind to each DNA
polony generating a fluorescent signal during detection. Multiple long, flexible
polymer linkers connect the core to the nucleotide substrates.

sequencing. We also demonstrate animproved ability of this chemistry
to sequence through homopolymer sequences.

Results

Before sequencing, DNA fragments of interest were circularized and cap-
tured on the surface of a flowcell. Clonal copies of DNA fragments were
then created through rolling circle amplification, generating approxi-
mately 1billion concatemers on the flowcell surface” . The resulting
concatemers, referred to as polonies using the original term coined by
Churchand collaborators®, were used as the DNA substrate for sequenc-
ing.In contrast to the DNA nanoballs developed by Complete Genomics,
polonies are amplified on-instrument following library hybridization
to the flowcell”. This approach simplifies user workflow and eliminates
the possibility that DNA fragments may interact in solution during the
amplification process. We then constructed the avidite: a dye-labeled
polymer with multiple, identical nucleotides attached. In the presence
of a polymerase, the avidite was able to bind multiple complementary
nucleotides specifically in concatemer copies of aDNA fragment withina
polony. A polymerase and a mixture of four avidites, each corresponding
toaparticularlabeland nucleotide, were applied to the flowcell and used
forbase discrimination. The avidite was notincorporated, but provided
astable complex while enabling removal under specifically formulated
wash conditions. Removal of the avidite left no modifications in the syn-
thesized strand. The avidites decreased the required concentration of
reporting nucleotides by 100-fold relative to single-nucleotide bind-
ing, yielded negligible dissociation rates and obviated the need to have
nucleotides present in the bulk solution. A low avidite concentration
leads to reduced use of fluorophores relative to the strategy of using

high-concentrations of dye-labeled nucleotides. The advent of the avidite
enabled us to separate the process of stepping along the DNA template
from the process of identifying each nucleotide, and to optimize each
for quality and reagent consumption. Figure 1a shows a complete cycle
of avidity sequencing, Fig. 1b depicts a single avidite interacting with
multiple DNA copies withinapolony and Fig. 1c shows many avidites spe-
cificallybound to several polonies onthe surface. Additional detail onthe
structure of one version of anaviditeis provided in Extended DataFig. 1.
Avidity sequencing overcomes the kinetic challenges of generating
asignal by incorporation of a dye-labeled monovalent nucleotide. In
bulk solution, incorporation of a dye-labeled nucleotide is limited by a
specificity constant (k.,/K;,) that governs the observed rate of produc-
tive nucleotide binding and incorporation?®. A specificity constant of
0.54 +0.22 pM™ s for monovalent dye-labeled nucleotides using an
engineered polymerase was observed resulting from a maximum rate
of incorporation (k,,) of 0.86 + 0.14 s™ and an apparent dissociation
constant Ky (Kj ,,,) 0f 1.6 + 0.6 uM (Fig. 2a). This apparent K; reflects the
K., of akinetic system not in equilibrium rather than the true K, of the
nucleotide substrate”. Toachieve complete product turnover, this high
apparentK;canbe overcome either by usingincreased concentrations of
fluorescent nucleotide substrate or allowing longer incorporation time
for completion of the reaction. Both paths used to overcome this sub-
strate limitation have the undesirable consequence of either high cost or
long cycletime. Together, the use of avidity substrates and DNA polonies
containing many copies of substrate DNA in close proximity overcomes
the limitations of incorporating amonovalent dye-labeled nucleotide.
Using binding of the four labeled avidites for base identification
established a binding equilibrium that reached saturation based on
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Fig.2|Nucleotide and avidite binding kinetics. a, Monovalent fluorophore-
labeled nucleotide concentration dependence of the observed rate of
incorporation. Time series were performed at each concentrationand fittoa
single exponential equation to derive arate. Observed rates were plotted as a
function of concentration and fit to a hyperbolic equation, deriving a value of

Ko =0.86 +0.14 s and K ,,, = 1.6 + 0.6 uM. b, ¢, Real-time association kinetics

of signal generation resulting from reacting multivalent avidite substrates (b)
and monovalent nucleotides (c) with DNA polonies. d,e, Real-time measurement
of signal decay following flow cell washing for imaging of multivalent avidite
substrates (d) and monovalent nucleotides (e).

substrate concentration within 30 s to generate signal, rather than
relying on catalysis. The binding kinetics of this interaction were
monitored using real-time data collection to observe avidites binding
to polonies with an association rate (Kyq aviaiee) Of 271+ 82 nM™"s™*
(Fig. 2b). This observed association occurred within the limit of error
ofasingle fluorescently labeled monovalent nucleotide (Fig. 2c). Major
differences were observed in the dissociation kinetics of avidite sub-
strates versus monovalent nucleotides. Avidite substrates bound to
the DNA polonies tightly with no measurable dissociation over the
>1-min timescale needed for imaging and base calling (Fig. 2d). This
isinsharp contrast to fluorescently labeled monovalent nucleotides,
whichdissociated rapidly during the wash step following binding and
then continued to dissociate during imaging (Fig. 2e). The negligible
dissociation rate resulted in decreased K, of more than two orders of
magnitude for avidites compared with monovalent nucleotides. With
near-zero avidite dissociation rates, a persistent signal was achieved
without the presence of free avidites in bulk solution, eliminating
background. Without avidity, dissociation kinetics with monovalent
nucleotides showed afourfold signal decrease at the beginning of imag-
ing due to rapid dissociation, as a result of disruption of the binding
equilibrium during reagent exchange (Fig. 2e).

Sequencinginstrumentation

Avidity sequencing was performed on the AVITI commercial sequenc-
ing system. Briefly, the instrument is a four-color optical system with
two excitation lines of approximately 532 and 635 nm. The four-color
system is created using an objective lens, multiple tube lenses and
multiple cameras for simultaneous imaging of four spectrally separated
colors. The detection channels for emission are centered at approxi-
mately 553,596, 668 and 716 nm, respectively. Reagents are delivered
using a selector valve and syringe pump to perform reagent cycling.
The instrument contains two fluidics modules and a shared imaging
module, enabling parallel utilization of two flowcells. Subsequent to
image collection, data were streamed through an onboard processing

unit that performsimage registration, intensity extraction and correc-
tion, base calling and quality score assignment (Methods).

Accuracy of avidity sequencing

To evaluate the accuracy of avidity sequencing, 20 sequencing runs
were performed using a well-characterized human genome. Sequenc-
ing data were used to train quality tables according to the methods
of Ewing et al.’°, but with modified predictors. Quality tables were
thenapplied toindependent sequencing runs. Figure 3 shows the data
quality obtained in a representative run not used for training. Qual-
ity scores were well calibrated across the entire range, meaning that
predicted quality matched observed quality as determined by align-
ment to a known reference. Combined over reads 1and 2, 96.2% of
base calls were >Q30 (an average of one error per 1,000 bp) and 85.4%
>Q40, with a maximum of Q44, or approximately one error in 25,000
bases. For comparison, a publicly available PCR-free NextSeq 2000
dataset was downloaded from the Illumina publicdemo set repository
(https://basespace.illumina.com/datacentral) and a publicly available
NovaSeq 600 dataset (https://console.cloud.google.com/storage/
browser/brain-genomics-public/research/sequencing/fastq). The
NextSeq 2000 and NovaSeq 6000 datasets had 90.1% and 92.7% of data
>Q30, respectively, and none of the base calls exceeded Q40.

To obtain an additional measure of accuracy, we used the same
datasets to compute the percentage of k-mers (k =1, 2, 3) containing at
least one mismatch after alignment to awell-characterized reference.
Known SNP sites were masked before the comparison. When compared
with NextSeq 2000 and NovaSeq 6000, we found that AVITI had the
highestaccuracy across four out of four 1-mers, 16 out of 16 2-mers and
58 out of 64 3-mers (Extended Data Fig. 2).

Homopolymer sequencing

Sequencing through long homopolymers has posed challenges
for multiple sequencing technologies®*’. Although SBS improves
homopolymer sequencing relative to flow-based technologies,
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Fig.3|Predicted and observed quality scoresfora2 x 150-bp sequencing run of human genome HG002. a,Read 1 (R1). b, Read 2 (R2). Points on the diagonal
indicate that predicted scores match observed scores. The histograms show that the majority of the data points are >Q40.

the error rates of reads that pass through long homopolymer
regions increase substantially®. Correction algorithms have been
proposed to circumvent the inherent challenges with base-calling
post-homopolymer repeats®, but the exact cause has not been fully
established in the literature. In contrast to SBS, avidity sequencing
leverages rolling circle amplification, polymerases evolved to accom-
modate the avidite complex formation and a separate polymerase
evolved for efficientincorporation of unlabeled and 3’ blocked nucle-
otides. We evaluated the impact of these differences on sequenc-
ing through long homopolymers. Specifically, homopolymers of
length 12 or more nucleotides were used to assess the accuracy of
reads before and after homopolymer regions. Figure 4 shows the
results comparing avidity sequencing with SBS, averaged across
the ~700,000 homopolymer loci of length 12 or more. Average
error rate of avidity sequencing remained stable following a long
homopolymer (controlling for the fact that post-homopolymer
stretch occursin later cycles of aread). By contrast, the error rate of
SBSreadsincreased by more than afactor of five following homopoly-
mer stretches. Extended DataFig. 3 shows the histogram of pairwise
error rate differences between avidity sequencing and SBS for all long
homopolymerloci. The avidity sequencing error rate outperformed
SBSin>97% of cases and the magnitude of difference is correlated with
homopolymer length (Fig. 5). Extended Data Fig. 4 shows representa-
tive loci from the 95th, 50th and fifth percentiles of the histogram.

Single-cell RNA-seq

To demonstrate sequencing performance across common applications,
single-cell RNA expression libraries were prepared and sequenced. Two
libraries from areference standard consisting of human peripheral blood
mononuclear cells were generated using the 10X Chromium instrument.
Thetwolibrariescontain RNAfromroughly10,000and1,000 cells, respec-
tively. Following circularization, the libraries were sequenced to generate
paired-end reads withread lengths of 28 and 90 for reads1and 2, respec-
tively, asrecommended by the vendor. The analysis was done using Cell-
Ranger (https://support.10xgenomics.com/single-cell-gene-expression/
software/pipelines/latest/installation). Because this reference standard
is used by 10X Genomics to evaluate sequencing performance, a set of
metrics and guidelines to assess sequencing results is provided along
with the biological material. Extended Data Table 1 shows each metric,
the guideline values from 10X Genomics and the performance of each
sequenced library. Allmetrics were withinthe guide ranges, and metrics
pertaining to sequencing quality exceeded the thresholds provided.

Whole-human-genome sequencing

Another common application is human-whole-genome sequencing.
This application challenges sequencer accuracy to a greater extent
than measurement of gene expression because the latter requires only

accurate alignment while the former depends on nucleotide accuracy
toresolve variant calls. To demonstrate performance for this applica-
tion, the well-characterized human sample HGO02 was prepared for
sequencing using a Covaris shearing and PCR-free library prepara-
tion method and sequenced with 2 x 150-bp reads. The run generated
1.02 billion passingfilter paired-end reads with aduplicate rate of 0.58%
(0.11% classified as optical duplicates by Picard (https://broadinstitute.
github.io/picard/)). To underscore the impact of low duplicates, we
compared the number of input reads with genomic coverage (Extended
DataFig.5).

A FASTQ file with the base calls and quality scores was down-
sampled to 35-fold coverage and used as an input into the DNAScope
analysis pipeline from Sentieon. SNP and indel calls achieved F1
scores of 0.995 and 0.996, respectively. Extended Data Table 2 shows
variant-calling performance for SNPs and smallindels on the GIAB-HC
regions. Sensitivity, precision and F1 scores are shown. The perfor-
mance on SNPs and indels is comparable. Extended Data Fig. 6 shows
the F1score for SNPs and indels across all GiaB stratifications with at
least100 variantsin the truth set.

Extensibility of avidity sequencing

To assess the extensibility of avidity chemistry we continued a sequenc-
ingrunbeyond 150 bp togenerate al x 300 dataset from an Escherichia
colilibrary. To achieve this we used both an optimized polymerase and
anoptimized reagent formulation. Figure 6a shows quality scoresasa
function of sequencing cycle. Because quality scores were not trained
to these lengths, the scores are approximate. Figure 6b shows the
E. colierror rate as a function of cycle number based on alignment to
the known reference strain. The error rate of the final cycle was 1.9%
and thatat cycle 150 was 0.1%. Error calculations were based on the vast
majority of the datawith a passfilter rate for the run of >99.6% and Bur-
rows-Wheeler aligner (BWA) settings aimed at strongly discouraging
soft clipping (no cycles with soft clipping >0.04%). The enzymes and
formulations developed for this run will be leveraged as we continue
to identify extensions and improvements.

Discussion

We present asequencing chemistry that achievesimproved quality and
lower reagent consumption by independent optimization of nucleotide
incorporation and signal generation. Although other chemistries have
proposed the separation of incorporation and signal generation®, the
avidite concept benefits from the fact that multiple nucleotides onthe
avidite bind multiple copies of the DNA template within a polony, which
decreases dissociation rate constant and the labeled reagent concen-
tration requirement for base classification. Furthermore, the avidite
constructis modular. The core can be swapped for a different substrate.
Both number and type of dye molecules are configurable, and many
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typesoflinkers canbe used. The changes are straightforward toimple-
ment and do not require modification of the polymerase responsible
forbinding the nucleotides attached to the linkers. The modular design
speeds technology improvement because each component can be
optimizedin parallel forincreased signal, decreased cycle time, lower
reagent concentration or any other potential axis of improvement.
The avidity chemistry described above hasbeenimplemented as
partofabenchtop sequencing solution. The accuracy of the sequencer
was demonstrated by training a quality model on human sequencing

data, which shows that in the majority of bases in an independent
human-whole-genome sequencing runis>Q40. The highlevel of accu-
racy probably results from (1) the use of an engineered high-fidelity
polymerase, (2) synergistic binding of multiple nucleotides onasingle
avidite to ensure only the correct cognate avidite binds to the polony
and (3) a binding disadvantage for out-of-phase DNA copies within a
polony that lack other out-of-phase neighbors to serve as avidity sub-
strates. Future work will be required toinvestigate the relative contribu-
tion of each mechanism proposed above. Inaddition to overall accuracy
improvements, the chemistry retains good performancein reads con-
taining long homopolymers. The sequencer canbe used inawide range
of applications, as exemplified by results for single-cell RNA-seq and for
whole-human-genome sequencing. Inboth cases, reference standards
were sequenced so that the quality of result could be assessed. The
single-cell data exceeded the quality metric guidelines provided by
10X Genomics (https://www.10xgenomics.com/compatible-products?
query=&page=1). The human genome variant-calling results showed
high sensitivity and precision for both SNPs and small indels*. The
two benchmarking studies were selected due to the availability of
well-characterized samples and because they represent very different
use cases. However, these are only examples and other applications
have been demonstrated, including whole-genome sequencing for
rare disease”, low-pass sequencing with imputation®® and single-cell
sequencing of DNA and RNA*. Although the currentimplementation
ofavidity-based sequencing already achieves high accuracy and broad
applicability, there are many improvement directions being explored.
In addition to the initial demonstration of longer reads shown here,
further qualityimprovements, shorter cycle times and higher densities
are under development.

Online content

Anymethods, additional references, Nature Portfolio reporting summa-
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Methods

Solution measurements of nucleotide incorporation

Solution measurements of nucleotide kinetics were performed
using commercially available dATP-Cy5 (Jena Bioscience, catalog
no. NU-1611-CY5-S). DNA substrates for solution kinetic assays were
prepared by annealing a 5’FAM-labeled primer oligo (purchased
from IDT) and high-performance liquid chromatography-purified
(5’-CGAGCCGTCCAACCTACTCA-3’) with a template oligo
(5’-ACGACCATGTTGAGTAGGTTGGACGGCTCG-3’). Annealing was
performed with10% excess template oligo in the annealing buffer using
aPCRmachineto heat oligos to 95 °C, followed by slow cooling to room
temperature over 60 min. Solution kinetics were performed by mixing
a preformed enzyme-DNA complex with fluorescent nucleotide and
MgSO0, using a RQF3 Rapid Quench Flow (KinTek Corp.). The enzyme
used was anengineered variant of Candidatus altiarchaeales archaeon.
The final reaction was conducted in 25 mM Tris pH 8.5, 40 mM NacCl
and 10 mM ammonium chloride at 37 °C. Extension products were
separated from unextended primer oligos by capillary electrophore-
sis using a 3500 Series Genetic Analyzer (ThermoFisher) to achieve
single-base resolution. Products were quantified and fit to a single
exponential equation. The observed rates as a function of nucleotide
concentration were thenfittoahyperbolic equation to derive apparent
K4 (K4 .pp) and rate of polymerization (k).

Avidite synthesis and construction

Initial research scale avidites were constructed by dissolving 5 mg of
10 kD 4-arm-PEG-SG (Laysan Bio, catalog no. 4arm-PEG-SG-10K-5g)
in 100 pl of 95% organic solvent (for example, ethanol) and 5 mM
MOPS pH 8.0 to make a 50 mg ml*solution (5 mM), 19 pl of which was
combined with 1.5 pl of 10 mM dATP-NH, (7-deaza-7-propargylamin’-
2’-deoxyadenosin’-5’-triphosphate; Trilink, catalog no. N-2068)
and 8.0 pl of 3.75 mM 2 kD Biotin-PEG-NH, (Laysan Bio, catalog no.
Biotin-PEG-NH2-2K-1g) in 95% organic solvent (for example, ethanol)
and 5 mM MOPS pH 8.0. After mixing, 5 mM 10 kD 4-arm-PEG-SG
was added. The final composition was 0.50 mM dA-NH,, 1.0 mM
biotin-PEG-NH2 (2 kD), 0.25 mM 4-arm-PEG-NHS, 85.5% organic
solvent (for example, ethanol) and 4.5 mM MOPS pH 8.0. Following
1,000-rpm incubation at 25 °C for 90 min, the reaction volume was
adjusted to 100 pl by the addition of MOPS pH 8.0. Purification was
performed using a Biorad Biospin P6 column pre-equilibrated in
10 mM MOPS pH 8.0. The purified dATP-PEG-biotin complex was
mixed with Zymax Cy5 Streptavidin (Fisher Scientific, catalog no.
438316)ina2.5:1volumetricratio and allowed to equilibrate for 30 min
atroom temperature.

Real-time measurement of avidite association and
dissociation

Real-time measurement of avidite binding kinetics was performed
using an Olympus IX83 microscope at 545 and 635 nm excitation
(Lumencor Light Engine) set to an approximate power density of about
1W cm?, with an Olympus objective (catalog no. UCPLFLN20XPH)
and a Semrock BrightLine multiband laser filter set (catalog no.
LF405/488/532/635) containing amatching quad band exciter, emitter
and dichroic. Flow rates of 60 pl s were used for reagent exchanges.
Circular PhiXlibraries were introduced to AVITI flow cells, hybridized
in 3x SSC buffer for 5 min at 50 °C and cooled to room temperature.
Amplification reagents were introduced into the flow cell to perform
rolling circle amplification and amplify genomic DNA. The instrument
was paused following polony generation and priming and the flowcell
moved to the microscope. Custom control software was written to
control all peripheral hardware and synchronize data collection with
flow of materialsinto the sample. Data collection (4 fps) was triggered
by flow of the avidity mix and collected for 55 s. Polonies in the field
were localized by aspot-finding algorithm, and background-corrected
intensities were extracted versus time. Experiments were performed

at0.5pM, 1nM, 7.5 nM and 10 nM avidite or monovalent dye-labeled
nucleotide concentrations. Substrates at the respective concentra-
tions were combined with 100 nM engineered enzyme variant of
C.altiarchaeales archaeoninthe avidity on rate assay buffer formula-
tion (25 mM HEPES pH 8.8, 25 mM NaCl, 0.5 mM EDTA, 5 mM stron-
tium acetate, 25 mM ascorbic acid and 0.2% Tween-20). Avidites and
nucleotides were labeled with Alexa Fluor 647. Higher-concentration
data collection was limited by the ability to detect polony intensity
fromfree avidite intensity at elevated concentrations. Off-rate meas-
urements were performed by binding avidites to flowcell polonies,
followed by washing with avidity on rate assay buffer and triggering
of data collection.

Genomic DNA and next-generation sequencing library
preparation

Human DNA from cell line sample HGO02 was obtained from the Cori-
ell Institute. Linear next-generation sequencing library construction
was performed using a KAPA HyperPrep library kit (Roche, catalog
no. 07962363001) according to published protocols. Finished linear
libraries were circularized using the Element Adept Compatibility kit
(catalog no. 830-00003). Final circular libraries were quantified by
quantitative PCR with the standard and primer set provided in the
kit. Circular library DNA was denatured using sodium hydroxide and
neutralized withexcess Tris pH 7.0 before dilution. Denatured libraries
were diluted to 8 pM in hybridization buffer before loading onto the
sequencing cartridge.

Single-cell 3’ gene expression library circularization

Single-cell RNA-seq libraries were prepared from two lots of peripheral
blood mononuclear cell suspension (10,000 and 1,000 cells) using
the Chromium Next GEM Single Cell 3’ Kit v.3.1(catalog no.1000268).
Eachlibrary was quantified and individually processed for sequencing
using the Adept Library Compatibility Kit (catalog no. 830-00003).
Processed libraries were pooled and sequenced with 28 cycles for
read 1,90 forread 2 and index reads.

Sequencing instrument and workflow

Sequencing results were obtained with commercialized formula-
tions of avidites, enzymes and buffers. Element Bioscience’s AVITI
commercial system (catalog no. 88-00001) was used for all sequenc-
ing data. AVITI 2 x 150 kits were loaded on the instrument (catalog
no. 86-00001). Primary analysis was performed onboard the AVITI
sequencing instrument, and FASTQ files were subsequently analyzed
using a secondary analysis pipeline from Sentieon.

Sequencing primary analysis

Fourimages were generated per field of view during each sequencing
cycle, correspondingto the dyes used to label each avidite. An analysis
pipeline was developed that uses the images as input to identify the
polonies present on the flowcell and to assign to each polony abase call
and quality scoreforeach cycle, representing the accuracy of the under-
lying call. The analysis approach has steps similar to those described in
ref. 25. Briefly, intensity is extracted for each polony ineach color chan-
nel;intensities are then corrected for color cross-talk and phasing and
normalized to make cross-channel comparisons. The highest normal-
izedintensity value for each polonyin each cycle determines the base
call.Inadditionto assigning abase call, a quality score corresponding
to call confidences is also assigned. The standard Q-score definition
isutilized where the Q-value is defined as Q =-10 x log_10p, where pis
the probability that the base callis an error. Q-score generation follows
theapproach of Ewingetal., with modified predictors?, and is encoded
using the phred+33 ASClIscheme. The predictors used for quality score
training are (1) maximum intensity per polony across color channels; (2)
clarity of each polony (defined as (A +1)/(B + 1), where A is the highest
intensity across color channels and Bis the second highest); (3) the sum
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of phasing and prephasing estimates; and (4) the median clarity value
taken across the10% of the lowest-intensity polonies. The sequence of
base call assignments and quality scores across the cycles constitutes
the output of the run. These data are represented in standard FASTQ
format for compatibility with downstream tools.

Quality score assessment

To assess the accuracy of quality scores (Fig. 3), the FASTQ files were
aligned with BWA to generate BAM files. GATK BaseRecalibrartor was
then applied to the BAM, specifying files of publicly available known
sites to exclude human variant positions.

K-mer error analysis

The same run used to generate recalibrated quality scores was ana-
lyzed via custom script for all k-mers of size1,2 and 3. The computation
is based on 1% of a 35X genome to ensure adequate sampling of each
k-mer. For example, each 3-mer is sampled at least 850,000 times
(average 6.7 million). This figure is based on a publicly available run
from each platform. For the instances of each k-mer, the percentage
mismatching a variant-masked reference was computed. The same
script was applied to a publicly available NovaSeq dataset for HGO02
and apublicly available NextSeq 2000 dataset for HGOO1 (Demo Data
for HGOO2 were not available). We tabulated the number of k-mersin
whichthe percentageincorrect was lowest for AVITIamong the three
platforms compared.

Homopolymer analysis

ABED file provided by National Institute of Standards and Technology
(NIST) genome-stratifications v.3.0, containing 673,650 homopolymers
of length >11, was used to define regions of interest for homopolymer
analysis (GRCh38_SimpleRepeat_homopolymer_gtll_slop5). Reads
overlapping these BED intervals (using samtools view -L and adjusting
forslop5) were selected for accuracy analysis. Reads with any of the fol-
lowing flags set were discarded: secondary, supplementary, unmapped
or reads with mapping quality of 0. Reads were oriented in the 5'>3’
direction and split into three segments: preceding the homopolymer,
overlapping it and following it. The mismatch rate for each read seg-
ment was computed, excluding N-calls, softclipped bases and indels.
Forexample, ifa150-bp read (aligned on the forward strand) contained
ahomopolymer in positions 100-120, the first 99 cycles were used
to compute the error rate before the homopolymer and the last 30 to
computeerror rate following the homopolymer. Reads were discarded
if the sequence either preceding or following the homopolymer was
<5bpinlength. All reads were then stacked into a matrix according to
their positional offset relative to the homopolymer, and error rate per
post-offset was computed.

Average error rate was computed for avidity sequencing runs and
for publicly available data from multiple SBS instruments, for com-
parison. Differences oin mismatch percentage, across all BED intervals,
between AVITIand NovaSeq were plotted inahistogram and examples
showing various percentiles within the distribution were chosen for
display via Integrative Genomics Viewer.

Publicly available datasets for NovaSeq were obtained from the
Google Brain Public Data repository on Google Cloud (https://console.
cloud.google.com/storage/browser/brain-genomics-public/research/
sequencing/fastq). Publicly available NextSeq 2000 datawere obtained
from Illumina Demo Data on BaseSpace (https://basespace.illumina.
com/datacentral).

Single-cell gene expression data analysis

Following sequencing, Bases2Fastq software was used to generate
FASTQ files for compatible upload into 10X Cloud and subsequent
analysis with the 10X Genomics Cell Ranger analysis package. Data
visualization of single-cell gene expression profiling was generated
using 10X Genomics Loupe Browser.

Whole-genome sequencing analysis

A FASTQ file with base calls and quality scores was downsampled to
35% raw coverage (360,320,126 input reads) and used as an input into
Sentieon BWA followed by Sentieon DNAscope*’. Following alignment
and variant calling, variant calls were compared with the NIST genome
in Bottle Truth Set v.4.2.1 via the hap.py comparison framework to
derive total error counts and F1scores*. The results are computed
based on the 3,848,590 SNV and 982,234 indel passing variant calls
made by DNAScope.

1 x 300 Data generation

An E. colilibrary was prepared using enzymatic shearing and PCR
amplification. Thelibrary was then sequenced for 300 cycles using
new enzymes for stepping along the DNA template and for avid-
ite binding. The reagent formulation with increased enzyme and
nucleotide concentrations during the stepping process was used
to improve stepping performance. The contact times for avidite
binding and exposure were both reduced without performance
losses, to decrease cycle time over the 600 cycles of sequencing. The
displays show only 299 cycles of data, because cycle 300 was used
only for prephasing correction. To minimize soft clipping during
alignment the following inputs were used in the call to BWA-MEM:
-E£6,6-L1000000 -S.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

The avidity sequencing datasets described in the paper are avail-
able for download via the AWS CLI in the public bucket s3://
avidity-manuscript-data/, pending upload to the sequence read
archive under BioProject PRJNA869673. Publicly available datasets
for NovaSeq were obtained from the Google Brain Public Data reposi-
tory on Google Cloud (https://console.cloud.google.com/storage/
browser/brain-genomics-public/research/sequencing/fastq). Publicly
available NextSeq 2000 data were obtained from Illumina Demo Data
on BaseSpace (https://basespace.illumina.com/datacentral).

Code availability
Scripts used for analysis are available via GitHub (https://github.com/
Elembio/AvidityManuscript2023).
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Extended Data Fig. 6 | F1Score of SNPs and indels across GiaB stratifications. F1score for SNPs and indels stratified by all GiaB regions with at least 100 variants in

the 4.2.1truth set of sample HG002.
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Extended Data Table 1| Single cell expression: CellRanger metric values for 10K cell and 1K cell libraries from the

PBMC reference

CellRanger v7.0 Metric Performance AVITI 10K cells AVITI 1K cells
expectation

Valid barcodes >90% 97.5% 97.5%
Reads mapped confidently >50% 53.0% 53.8%
to exonic regions
Read mapped confidently to | >40% 74.7% 77.8%
transcriptome
Fraction reads in cells >80% 95.5% 92.6%
Q30 bases in barcode >85% 99.5% 99.5%
Q30 bases in RNA read >75% 98.6% 98.8%
Mean reads per cell >50,000 61,326 68,766
Median genes per cell >1700 2,910 2,951
Total genes detected N/A 23,863 29,679
Estimated number of cells +/-20% 8,513 922
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Extended Data Table 2 | Variant calling performance for HGO0O2 on GIAB-HC regions

Sensitivity Precision F1-Score
SNP 0.9939 0.9977 0.9958
Small indel 0.9928 0.9980 0.9954
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Software and code

Policy information about availability of computer code

Data collection  Kinetic data for Figure 2A was collected using RQF3 Rapid Quench flow (Kintek corporation). Real-time measurements for Figure 2B-E were
collected on an Olympus IX83 microscope equipped with 545 and 637 lines (Lumencor), Semrock brightline multiband laser filter set
(LF405/488/532/635) containing matching quad band exciter, emitter and dichroic. Flow was induced by a syringe pump pulling reagents
across an AVITI flow cell at a rate of 60 ul/s. Prior to injection of reagents, real-time data was collected on an Andor sCMOS camera at 4
frames/s. All sequencing data was collected on the AVITI commercial instrument.

Data analysis Kinetic data was analyzed and fit using conventional non-linear regression. All error bounds were propagated in the analysis and are reflected
in figure 2 panel A. Reported kcat and Kd,app were obtained by fitting to a hyperbolic equation using no constrains other than the error
reported for each point.

Primary analysis of the collected data was performed on the AVITI instrument according to similar steps described on Whiteford et al. (25)
FASTQ were generated using the bases2fastq software toolkit (version 1.1.1).

Tools and scripts supporting bioinformatic analysis of this manuscript can be found at the following repo located on github - https://
github.com/Elembio/AvidityManuscript2023.

Single cell RNA was performed using CellRanger (version 7.0.1).

Whole genome sequencing analysis was performed by first down-sampling the input FASTQ to 35X raw coverage (360,320,126, 2x150 input
reads), and then aligning, de-duplicating and sorting using sentieon bwa (version 202112.02). The BAM was then used as input to Sentieon
DNAscope (version 202112.02) in addition to a element specific ML model (SentieonDNAscopeModelElementBio0.3.model) to produce a VCF.
Following alignment and variant calling, the variant calls were benchmarked using hap.py (version hap.py-0.3.14) to the NIST genome in a
bottle truth set v4.2.1 across all regions to derive total error counts and F1 scores.

To assess the accuracy of quality scores shown in Fig. 3, the aligned BAMS were processed using GATK BaseRecalibrartor (version
gatk4:4.2.0.0—0), and specifying publicly available known sites files to exclude human variant positions (HG002 NIST v4.2.1 bed/vcf,
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1000G_phasel.snps.high_confidence.hg38, dbsnp_144.hg38). The resulting predicted and recalibrated g-scores were plotted.

To compute the mismatch percentage of AVITI, NovaSeq 6000, and NextSeq 2000 reads before and after homopolymers of length 12 or
greater, a BED file provided by NIST genome-stratifications v3.0, containing 673,650 homopolymers of length greater than 11 was used to
define the regions of interest for the homopolymer analysis (GRCh38_SimpleRepeat_homopolymer_gt11 slop5). Reads that overlapped
these BED intervals (using samtools version 1.1.1) were selected for accuracy analysis. Reads with any of the following flags set were
discarded (secondary, supplementary, unmapped or reads with mapping quality of 0). Reads were oriented in the 5’ -> 3’ direction, and split
into 3 segments, preceding the homopolymer, overlapping the homopolymer, and following the homopolymer. The mismatch rate for each
read-segment was computed, excluding N-calls, softclipped bases and indels. For example, if a 150 bp read (aligned on the forward strand)
contains a homopolymer in positions 100-120, then the first 99 cycles were used to compute the error rate prior to the homopolymer, and
the last 30 cycles were used to compute the error rate following the homopolymer. Reads were discarded if either the sequence preceding or
following the homopolymer was less than Sbp in length (accounting for the GIAB slop used). All reads were then stacked into a matrix,
according to their positional offset relative to the homopolymer, and error rate per pos-offset was computed.

The average error rate was computed for avidity sequencing runs and for publicly available data from multiple SBS instruments, for
comparison. The differences of mismatch percentages, across all BED intervals, between AVITI™ and NovaSeq were plotted in a histogram and
examples showing various percentiles within the distribution were chosen for display via IGV.

The interval-error.tsv and offset-error.tsv files can be found in the following directory: https://github.com/Elembio/AvidityManuscript2023/
tree/main/data/homopolymer-error/GRCh38_SimpleRepeat_homopolymer_gtll_slop5

To compute the mismatch percent difference between avidity sequencing and SBS across homopolymer lengths, the four GIAB supplied
homopolymer bed files were combined, and duplicates were removed (4to6, 7to11, gt11, gt20), producing a new bed file representing all
homopolymer of size 4 to inf. The box plot shows median, quartiles, and the whiskers are 1.5*IQR.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

The avidity sequencing data sets described in the manuscript are available for download via the AWS CLI using the following command:
aws s3 Is --no-sign-request s3://avidity-manuscript-data/

Samples and FASTQ have been accessioned in SRA under BioProject PRINA869673.

Bioinformatic tools and scripts can be found on the following github repo: https://github.com/Elembio/AvidityManuscript2023
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Reporting on sex and gender There were no human research participants in this study.

Population characteristics There were no human research participants in this study.
Recruitment There were no human research participants in this study.
Ethics oversight There were no human research participants in this study.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Sequencing calibration studies were performed on 20 samples. Single cell studies were performed on multiple samples that generated
consistent results, but a single example was used for this particular study. To determine k-mer errors, a million k-mers of each length were
used to determine percent mismatch. For the homopolymer analysis, ~700,000 loci were used. For GiaB stratifications, we selected context
classes with at least 100 variants.

Data exclusions  There was no data excluded (Filtered data is excluded from the sequencing runs).

Replication We checked that all presented runs are representative by looking at no fewer than 20 sequencing runs. For analyses such as homopolymer
and k-mer accuracy, sample size calculations are based on the number of relevant loci within a run. There were no failures to replicate.

Randomization  The study performed was validating first principles studies such as enzyme kinetics to validate the hypotheses of avidity chemistry, thus
sample randomization would not be necessary. Sequencing data was performed on known samples and comparative metrics to known
reference samples also obviates the need for randomization of the studies as the known reference samples are a widely known control.
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Blinding The study performed was validating first principles studies such as enzyme kinetics to validate the hypotheses of avidity chemistry, thus blind
would not be necessary. Sequencing data was performed on known samples and comparative metrics to known reference samples also
obviates the need for blind studies as the known reference samples are a widely known control.
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