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METHODS FOR OBTAINING AND CORRECTING BIOLOGICAL SEQUENCE
INFORMATION

Cross-Reference 1o Related Apphications

{6001} Thus application claims priority to Chinese Patent Application No.
CN201510822361.9, filed on November 18, 2013, entitled “Sequencing Method Using Nucleotide
Molecules Having Phosphate Moditied Fluorophores,” Chinese Patent Application No.
UN201510815685.X, filed on November 18, 2015, entitled “Sequencing Method Using Nucleotide
Molecules Having Fluorescence Switching Fluorophores,” Chinese Patent Application No.
UN201510944878.5, filed on December 11, 2015, entitled “Method for Detecting and/or Correcting
Sequence Data Errors in Sequencing Results,” and Chinese Patent Application No.
{UN201610899880.X, filed on October 14, 2016, entitled “A Method for Reading Sequence
Information from the Original Signal of High-throughput DNA Sequencing,” the contents of which

are incorporated herein by reference in their entireties for all purposes.

Field

{6602] The present disclosure in some aspects relates to a high-throughput sequencing

method, belonging to the gene sequencing field.

Backeground

{6063] The high-throughput sequencer represents a technology rapidly developing in recent
vears. Compared with the conventional Sanger sequencing, the ligh-throughput sequencing
technology has the advantage that a large amount of sequence information may be read out. Its
accuracy s not as high as the former, but the information exceeding the data sequence itself may be
obtained, such as gene expression level or copy number variation, through the analysis on a large
amount of data.

{1 6004] Today’s mainstream sequencers all adopt SBS (sequencing by synthesis) methods,
like Solexa/lHumina, 454, lon Torrent, efc. These sequencers have a similar structure, and each of

them consists of a tluid system, an optical system and a chip system. The sequencing reaction



N
(v

WO 2017/084580 PCT/CN2016/106117

occurs in the chip. Their sequencing process is very similar as well, including: let the reaction
solution flow into the chip for SBS reaction, and then, conduct signal acquusition and washing. Next,
proceed with a new round of sequencing. This 1s a cyclical process. With the increase of cycles, the
continuous single-base non-merged sequence information {e.g., ACTGACTG) may be tested.
However, the high-throughput sequencer cannot completely eliminate sequencing errors.
Sequencing errors may be caused by: occasional error or cumulative error in reaction, signal
acquusition error, signal correction error, and so on. In existing sequencers, these chemical or optical
or software errors may become noise, and cannot be identified at a single readout site, but can be
eliminated through deep sequencing by multiple readout at different sites in the same sequence. The
more accurate readout 1s an important development direction of high-throughput sequencing.
However, the optimization on the accuracy by existing technologies s mostly concentrated on the
optimization of the chemical reaction iself and subsequent image signal processing, and there 13 no

innovation in the sequencing logic. There is a need for an improved sequencing method.

Summary

[6005] The summary 1s not intended to be used to limit the scope of the claimed subject
matter. Other features, details, utilities, and advantages of the claimed subject matter will be
apparent from the detatled description including those aspects disclosed in the accompanying
drawings and in the appended claims.

{6006] In one aspect, provided herein 15 a method for obtaining sequence information of a
target polynucleotide, the method comprising: a) providing a first sequencing reagent to a target
polynucieotide in the presence of a first polynucleotide replicating catalyst, wheremn the first
sequencing reagent comprises at least two different nucleotide monomers each of which 1s
conjugated to a first label, and the nucleotide monomer/first Iabel comjugates are substantially non-
fluorescent until after incorporation of the nucleotide monomer into the target polynucleotide based
on complementarity to the target polynucleotide, wherein the first labels for the at least two
different nuclestide monomers are the same or different; and b} providing a second sequencing
reagent to the target polynuclestide in the presence of a second polynucleotide replicating catalyst,
wherein the second sequencing reagent comprises one or more nucleotide monomers each of which

1s conjugated to a second label, and the nuclectide monomer/second label conjugate(s} is or are
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substantially non-fluorescent until after incorporation of the nucleotide monomer(s} into the target
polynucleotide based on complementarity to the target polynucleotide, at least one of the one or
more nucleotide monomers being different from the nucleotide monomers present in the first
sequencing reagent, and wherein the second sequencing reagent is provided subsequent to providing
the first sequencing reagent, and ¢) obtaiing sequence information for at least a portion of the
target polynucleotide by detecting fluorescence emission resulting from the first label and second
iabel after mcorporation of the nucleotide monomers into the polynucleotide in the steps a) and b).

[0067] In one embodiment, the method is used to obtain sequence information for at least a
portion of a single target polynucleotide. In another embodiment, the method is used to obtain
sequence information for at least a portion of a plurality of target polvnucleotides simultaneously.

{6008] In any of the preceding embodiments, the first polynucleotide replicating catalyst
and the second polynucleotide replicating catalyst can be the same polynucleotide replicating
catalyst, or different polynucleotide rephicating catalysts.

[G009] In any of the preceding embodiments, said sequence information can be obtained
from one or more sequencing reactions, wherein optionally the one or more sequencing reactions
are performed in one or more reaction volumes {(such as reaction chambers), such as about 1 x 10°
to about 5 » 10° reaction volumes, about 1 » 10° to about 1 x 10% reaction volumes, or about | X 10°
to about 5 x 107 reaction volumes, wherein optionally the reaction volumes are physically separated
from each other and/or there 1s no or substantially no material exchange between the reaction
volumes, wherein optionally the reaction volumes are located in 3 array such as a chip, are wherein
optionally the reaction volumes are closed and/or imsulated from each other by a hiquid that is
immiscible with the liquid in the reaction volumes, such as an oil. When there is no substantially no
material exchange between the reaction volumes, some material exchange is allowed but it will not
affect the sequencing result in any of the reaction volumes so as to cause cross-contamination.

16016] In any of the preceding embodiments, the reaction volumes can be provided in
reaction chambers, and the target polynucleotide in each reaction chamber 15 immobilized on a solid
support in the reaction chamber, wherein optionally the sequence information is obtained by high-
throughput sequencing, for example, wherein at least about 107, 10°, 10°, 10°, 107 10% or 107
sequences are read in parallel. In any of the preceding embodiments, the first polynucleotide

replicating catalyst and/or the second polynucleotide replicating catalyst can be a polymerase, such
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as a DNA polymerase, a RNA polymerase, or a RNA-dependent RNA polvmerase, a ligase, a
reverse transcriptase, or a terminal deoxynucleotidyl transferase.

{6611 In any of the preceding embodiments, the nuclectide monomaers in the first and/or
second sequencing reagent can be selected from the group consisting of deoxyribonucleotides,
modified deoxyribonucleotides, ribonucleotides, modified ribonucleotides, peptide nucleotides,
modified peptide nucleotides, modified phosphate sugar backbone nucleotides and mixtures thereof.
In one embodiment, the nucleotide monomers in both the first and the second sequencing reagents
are deoxyribonucleotides. In some embodiments, the nucleotide monomers are selected from the
eroup consisting of A, T/U, C and G deoxyribonucleotides, and an analog thereof. In another
ernbodiment, the nucleotide monomers n both the first and the second sequencing reagents are
ribonucleotides. In specific embodiments, the nucleotide monomers are selected from the group
consisting of A, U/T, C and G nibonucleotides, and an analog thereof.

{6612} In any of the preceding embodiments, the first and/or second label can be releasably
conjugated to the nucleotide monomer. In one embodiment, the first and/or second label 1s
conjugated to a terminal phosphate group of the nucleotide monomer. In specific embodiments, the
nucleotide monomer/first label conjugates m the first sequencing reagent and/or the one or more
nucleotide monomers/second label conjugate(s) in the second sequencing reagent have the structure

of the following formulae I

LABEL—O

d o
{6013 wherein nis 010 6, R is a nucleoside base, X 18 H, OH, or OMe, or a salt thereof. In
some embodiments, the first and/or second label 13 substantially non-fluorescent until its release
from the termunal phosphate group of the nucleotide monomer. In one other embodiment, the
method further comprises releasing the first and/or second label{s) from the terminal phosphate
group of the nucleotide monomer using an activating enzyme. In one embodiment, the activating

enzyme 1s an exonuclease, a phosphate transferase, or a phosphatase.
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{6014] In any of the preceding embodiments, the nucleotide monomer/first label conjugates
in the first sequencing reagent and/or the one or more nuclectide monomers/second label
conjugate(s) in the second sequencing reagent can have the structure of the following formulae I

g o 9 0 Base(A,G,C,T)
0-P-0-P-0-P-0-b-0
OH OH OH OH O~

TPLFN an.

5 {60315] In any of the preceding embodiments, the first labels for the at feast two different
nucleotide monomers can be the same or different from each other. Inany of the preceding
embodiments, the method can further comprise a washing step between steps a} and b).

{6616] In any of the preceding embodiments, the target polynucleotide can be immobilized
on a surface, such as a sohid surface, a soft surface, a hydrogel surface, a mucroparticle surface, ora
10 combination thereof. In one embodiment, the solid surface is a part of a microreactor, and steps a)
and b} are conducted in the microreactor. In any of the preceding embodiments, the method can be
conducted at a temperature ranging from about 20°C to about 70°C.
{0G17] In any of the preceding embodiments, multiple rounds of steps a} and b} using
different combinations of the first sequencing reagent and the second sequencing reagent can be
15 conducted.
{0018} In any of the preceding embodiments, the sequence information obtained in step ¢)
can be a degenerate sequence. In one embodiment, at least one additional round of steps a} and b}
using a combination of the first sequencing reagent and the second sequencing reagent different
from the combination of the first sequencing reagent and the second sequencing reagent in the
20 previous round(s) of steps a) and b) is conducted to obtain at least one additional sequence, and the
additional sequence 1s compared with the degenerate sequence to obtain a non-degenerate sequence.
[6019] In any of the preceding embodiments, the initial sequence information obtained in
step ¢} can contain no error, or contain one or more errors. In one embodiment, at least one
additional round of steps a) and b) using a combination of the first sequencing reagent and the
25 second sequencing reagent different from the combination of the first sequencing reagent and the
second sequencing reagent 1n the previous round(s) of steps a) and b} 1s conducted to obtain at least

g
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one additional sequence, and the additional sequence 1s compared with the inmitial sequence to
reduce or eliminate the sequence error{s).

{6026 In any of the preceding embodiments, the sequence comparison can be conducted
using a mathematical analysis, algorithm, or method. In one embodiment, the mathematical
analysis, algorithm, or method comprises a Markov model, or the maximum likelihood method
based on Bayesian Scheme.

{6021} In any of the preceding embodiments, the first sequencing reagent can comprise two
different nucleotide monomer/first label conjugates, each nucleotide monomer/first label conjugate
comprising a different nucleotide monomer. In any of the preceding embodiments, the second
sequencing reagent can comprise two different nucleotide monomer/second label conjugates, each
nucleotide monomer/second label conjugate comprising a different nucleotide monomer. In any of
the preceding embodiments, the two nucleotide monomers i the first sequencing reagent can be
different from the two nucleotide monomers in the second sequencing reagent.

{60622} In any of the preceding embodiments, the two nucleotide monomers in the first
sequencing reagent and the two nucleotide monomers in the second sequencing reagent can be
selected from the group consisting of A, T/U, C and G deoxyribonucleotides, and an analog thereof.
In one embodiment, the two nucleotide monomers i the first sequencing reagent and the two
nucleotide monomers in the second sequencing reagent are selected from the group consisting of the
following combinations: 13} A and T/U deoxyribonucleotides in one sequencing reagent and C and
G deoxyribonucleotides 1 the other sequencing reagent; 2} A and G deoxyribonucleotides n one
sequencing reagent and € and T/U deoxyribonucleotides 1n the other sequencing reagent; and 3) A
and C deoxyribonucleotides in one sequencing reagent and G and T/U deoxvyribonucleotides in the
other sequencing reagent. In another embodiment, one round of steps a} and b) or at least two
rounds of steps a) and b} are conducted, one of the combinations 13-3) 1s used 1 one round of steps
a} and b), and another combination from the combinations 1)-3} but different from the combination
used in the previous round of steps a) and b} is used in another round of steps a) and b). In one
aspect, three rounds of steps a} and b) are conducted, each of the rounds uses a different
combination selected from the combinations 1}-3). In any of the preceding embodiments, the
sequences obtained from the multiple rounds of steps a) and b) can be compared to obtain a non-

degenerate sequence and/or to reduce or eliminate sequence error(s) in the non-degenerate sequence.
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{6023] In any of the preceding embodiments, the two nucleotide monomers in the first
sequencing reagent and the two nucleotide monomers in the second sequencing reagent can be
selected from the group consisting of A, T/U, € and G ribonucleotides, and an analog thereof. In
one embodiment, the two nucleotide monomers in the first sequencing reagent and the two
nucleotide monomers in the second sequencing reagent are selected from the group consisting of the
following combinations: 1) A and T/U ribonucleotides in one sequencing reagent and C and G
ribonucleotides in the other sequencing reagent; 2} A and G ribonuclectides in one sequencing
reagent and C and T/U ribonucleotides in the other sequencing reagent; and 3} Aand C
ribonucleotides in one sequencing reagent and G and T/U rnibonucleotides in the other sequencing
reagent. In one aspect, one round of steps a) and b) or at least two rounds of steps a) and b) are
conducted, one of the combinations 1)-3) 15 used in one round of steps a) and b), and another
combination from the combinations 1)-3) but different from the combination used 1o the previous
round of steps a) and b} 1s used in another round of steps a) and b). In another aspect, at least three
rounds of steps a} and b} are conducted, each of the rounds uses a different combmation from the
combinations 1}-3). In any of the preceding embodiments, the sequences obtained from the
multiple rounds of steps a} and b) can be compared to obtain a non-degenerate sequence and/or to
reduce or eliminate sequence error(s} in the non-degenerate sequence.

{6624] In any of the preceding embodiments, the first labels for the two different nucleotide
monomers can be the same, and the second labels can be the same as the first labels.

{6625] In any of the preceding embodiments, the first labels for the two different nucleotide
monomers can be different, while the second labels can be the same as the first labels.

{0G26] In any of the preceding embodiments, one of the first and second sequencing
reagents can comprise three different nuclectide monomer/first label conjugates, each nucleotide
monomer/first label conjugate comprising a different nucleotide monomer, while the other
sequencing reagent can comprise one nucleotide monomer/second label conjugate, and the three
nucleotide monomers in one sequencing reagent can be different from the nucleotide monomer in
the other sequencing reagent.

(6027} In any of the preceding embodiments, the nucleotide monomers i the first
sequencing and the second sequencing reagents can be selected from the group consisting of A, T/U,

C and G deoxyribonucleotides, and an analog thereof 1In a specific embodiment, the nucleotide
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monomers in the first and second sequencing reagents are selected from the group consisting of the
following combinations: 1} C, G, and T/U deoxvyribonucleotides in one sequencing reagent and A
deoxyribonucleotide in the other sequencing reagent; 2} A, G and T/U deoxyribonucleotides in one
sequencing reagent and { deoxyribonuclestide in the other sequencing reagent; 3} A, C and T/U
deoxyribonucleotides in one sequencing reagent and (& deoxyribonucleotide in the other sequencing
reagent; and 4) A, C and G deoxyribonucleotides in one sequencing reagent and T/U
deoxyribonucleotide in the other sequencing reagent. In one embodiment, one round of steps a) and
b} or at least two rounds of steps a} and b} are conducted, one of the combinations 1}-4) is used in
one round of steps a) and b}, and another combination from the combinations 1)-4) but different
from the combination used in the previous round of steps a) and b) is used 1 another round of steps
a)and b). Inanother emnbodiment, three rounds of steps a) and b) are conducted, each of the rounds
uses a different combmnation selected from the combinations 1)-4). In vet another embodiment, four
rounds of steps a) and b} are conducted, each of the rounds uses a different combination selected
from the combinations 1)-4). In any of the preceding embodiments, the sequences obtamed from
the multiple rounds of steps a) and b) can be compared to obtain a non-degenerate sequence and/or
to reduce or eliminate sequence error(s} n the non-degenerate sequence.

{B028] In any of the preceding embodiments, the nucleotide monomers in the first
sequencing and the second sequencing reagents can be selected from the group consisting of A, T/,
C and G ribonucleotides, and an analog thereof. In one embodiment, the nucleotide monomers m
the first and second sequencing reagents are selected from the group consisting of the following
combinations: 1) C, G and T/U rnibonucleotides i one sequencing reagent and A nibonucleotide in
the other sequencing reagent; 2} A, G and T/U ribonuclectides in one sequencing reagent and C
ribonuclestide in the other sequencing reagent; 3} A, C and T/U ribonucleotides in one sequencing
reagent and G rnibonucleotide in the other sequencing reagent; and 4} A, C and G nibonuclestides in
one sequencing reagent and T/U ribonuclestide in the other sequencing reagent. In one
embodiment, one round of steps a} and b) or at least two rounds of steps a} and b) are conducted,
one of the combinations 1}-4} is used in one round of steps a} and b), and another combination from
the combinations 1)-4) but different from the combination used i the previous round of steps a) and
b} 1s used in another round of steps a) and b). In one specific embodiment, at least three rounds of

steps a} and b) are conducted, each of the rounds uses a different combination from the
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combinations 1}-4). In another embodiment, at least four rounds of steps a} and b} are conducted,
each of the rounds uses a different combination from the combinations 13-4}, In any of the
preceding embodiments, the sequences obtained from the multiple rounds of steps a) and b} can be
compared to obtain a non-degenerate sequence and/or to reduce or eliminate sequence error{s} in the
non-degenerate sequence.

{0029] In any of the preceding embodiments, a read length of about 250 bp, about 350 bp,
about 400 bp, about 450 bp, about 500 bp, about 550 bp, about 600 bp, about 650 bp, about 700 bp,
about 750 bp, about 800 bp, about 850 bp, about 900 bp, about 950 bp, about 1000 bp, about 1050
bp, about 1100 bp, about 1150 bp, about 1200 bp, about 1250 bp, about 1300 bp, about 1350 bp,
about 1400 bp, about 1450 bp, about 1500 bp, about 1550 bp, about 1600 bp, about 1650 bp, about
1700 bp, about 1750 bp, about 1800 bp, about 1850 bp, about 1900 bp, about 1950 bp, about 2000
bp, about 2050 bp, about 2100 bp, about 2150 bp, about 2200 bp, about 2250 bp, about 2300 bp,
about 2350 bp, or about 2400 base pairs can be obtained.

[6636] In any of the preceding embodiments, a code accuracy rate of at least about 95% can
be obtained. In any of the preceding embodiments, the target polynucleotide can be a single-
stranded polynucleotide.

{6031} In another aspect, disclosed herein ts a method for obtaming sequence mformation of
a target polynucleotide, the method comprising: a) providing a first sequencing reagent to a target
polynucieotide in the presence of a first polynucleotide replicating catalyst, wherem the first
sequencing reagent comprises two different nucleotide monomers each of which 15 conjugated to a
first label, and the nucleotide monomer/first label conjugates are substantially non-fluorescent until
after incorporation of the nucleotide monomer into the target polynuclestide based on
complementarity to the target polynucleotide; and b} providing a second sequencing reagent to the
target polynucleotide in the presence of a second polynucleotide replicating catalyst, wherein the
second sequencing reagent comprises two different nuclectide monomers each of which s
conjugated to a second label, and the nucleotide monomer/second label conjugates are substantially
non-fluorescent until after incorporation of the nucleotide monomers into the target polynucleotide
based on complementarity to the target polynucleotide, and wherein the second sequencing reagent
1s provided subsequent to providing the first sequencing reagent, and ¢) obtaming sequence

mformation for at least a portion of the target polynucieotide by detecting fluorescence emission
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resulting from the first label and second label after incorporation of the nuclestide monomers into
the polynucleotide in the steps a} and b), wherein the nucleotide monomers in the first sequencing
reagent and the second sequencing reagent are selected from the group consisting of the following
combinations: 1} an adenine (A) nucleotide monomer and a thymine (T)/uracil (1) nucleotide
monomer in one sequencing reagent and a cytosine () nucleotide monomer and a guanine (G)
nucleotide monomer in the other sequencing reagent; 2) an adenine (A) nucleotide monomer and a
cuanine {G) nucleotide monomer in one sequencing reagent and a cytosine (C) nucleotide monomer
and a thymine (T)/uracil (U} nucleotide monomer in the other sequencing reagent; and 3) an
adenine (A} nucleotide monomer and a cytosine () nucleotide monomer in one sequencing reagent
and a guanine () nucleotide monomer and a thynune (T)/uracil (U) nucleotide monomer in the
other sequencing reagent. In one embodiment, the first labels for the two different nucleotide
monomers in step a) and the second labels for the two different nucleotide monomers in step b) are
the same label. In another embodiment, the first labels are different labels, and one of the first
labels is the same as one of the second labels, while the other one of the first labels 15 the same as
the other one of the second labels. In any of the preceding embodiments, multiple rounds of steps a)
and b} can be conducted, each round using a combination selected from the combinations 1}-3). In
another embodiment, at least two or three sets of sequence mformation are obtamed in step ¢}, the
method comprising: conducting multiple rounds of steps a) and b) using combination 1} in a first
sequencing reaction volume to obtain a first set of sequence nformation, conducting multiple
rounds of steps a} and b} using combination 2) in a second sequencing reaction volume to obtain a
second set of sequence information, and/or conducting multiple rounds of steps a} and b) using
combination 3} in a third sequencing reaction volume to obtain a third set of sequence information.
In one embodiment, the first, second, and third sets of sequence information are obtained in parallel
from separate sequencing reaction volumes. In another embodiment, the first, second, third sets of
sequence information are obtained sequentially from the same sequencing reaction volume, and the
products of an earlier sequencing reaction are removed before the next sequencing reaction starts.
In any of the preceding embodiments, the method can further comprise comparing the at least two
or three sets of sequence information to reduce or eliminate the sequence error(s). In one
embodiment, the comparison indicates no error in the obtained target polynucleotide sequence when

the at least two or three sets of sequence information are consistent with each other. In another
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embodiment, the comparison indicates error in the obtained target polynucleotide sequence when
the at feast two or three sets of sequence mformation comprise a discrepancy in at least one
nucleotide residue of the target polynucleotide sequence. In one embodiment, the method further
comprises correcting at least one nucleotide residue in the obtained target polynuclectide sequence
such that after the correction, the at least two or three sets of sequence information are consistent
with each other.

{6032] In yet another aspect, disclosed herein 15 a method for obtaining sequence
mformation of a target polynucleotide, the method comprising: a) providing a first sequencing
reagent to a target polvnucleotide in the presence of a first polynucleotide replicating catalyst,
wherein the first sequencing reagent comprises three different nucleotide monomers each of which
is conjugated to a first label, and the nucleotide monomer/first label conjugates are substantially
non-fluorescent until after incorporation of the nucleotide monomer into the target polvnucleotide
based on complementarity to the target polynucleotide; and b) providing a second sequencing
reagent to the target polynucleotide 1n the presence of a second polynucleotide replicating catalyst,
wherein the second sequencing reagent comprises one nucleotide monomer conjugated to a second
label, and the nucleotide monomer/second label conjugate 15 substantially non-flucrescent until after
mcorporation of the nuclectide monomer mto the target polynucleotide based on complementanity
to the target polynucleotide, and wherem the second sequencing reagent 1s provided prior to or
subsequent to providing the first sequencing reagent, and ¢} obtaining sequence information for at
least a portion of the target polynucleotide by detecting fluorescence emission resulting from the
first label and second label after incorporation of the nucleotide monomers into the polynucleotide
in the steps a) and b), wherein the nucleotide monomers in the first sequencing reagent and the
second sequencing reagent are selected from the group consisting of the following combinations: 1)
a cytosine ({) nucleotide monomer, a guanine {3} nucleotide monomer, and a thvmine (T)/uracil (11)
nucleotide monomer in one sequencing reagent, and an adenine { A} nucleotide monomer m the
other sequencing reagent; 2} an adenine (A} nuclestide monomer, a guanine ((3) nucleotide
monomer, and a thymine (T)/uractl (U) nucleotide monomer in one sequencing reagent, and a
cytosine () nucleotide monomer in the other sequencing reagent; and 3} an adenine (A) nucleotide
monomer, a cytosine {C) nucleotide monomer, and a thymine (T)/uracil (U} nuclestide monomer in

one sequencing reagent, and a guanine (G} nuclestide monomer in the other sequencing reagent;
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and 4} an adenine (A) nucleotide monomer, a cytosing (C) nuclestide monomer, and a guanine (G)
nucleotide monomer in one sequencing reagent, and a thymine {T)/uracil (U} nucleotide monomer
in the other sequencing reagent. In one embodiment, the first labels for the three ditferent
nucleotide monomers in step a) and the second label for the one nucleotide monomer in step b) are
the same label. In any of the preceding embodiments, multiple rounds of steps a} and b} can be
conducted, each round using a combination selected from the combinations 1)-4). In one
embodiment, at least two, three, or four sets of sequence information are obtained in step ¢), the
method comprising: conducting multiple rounds of steps a) and b} using combination 1) in a first
sequencing reaction volume to obtain a first set of sequence information, conducting multiple
rounds of steps a} and b} using combination 2) in a second sequencing reaction volume to obtain a
second set of sequence information, conducting multiple rounds of steps a) and b) using
combination 3} in a third sequencing reaction volume to obtain a third set of sequence mformation,
and/or conducting multiple rounds of steps a) and b) using combination 4} in a fourth sequencing
reaction volume to obtain a fourth set of sequence information. In one embodiment, the first,
second, third, and fourth sets of sequence information are obtained in parallel from separate
sequencing reaction volumes. In another embodiment, the first, second, third, and fourth sets of
sequence nformation are obtained sequentially from the same sequencing reaction volume, and the
products of an earlier sequencing reaction are removed before the next sequencing reaction starts.
In any of the preceding embodiments, the method can further comprise comparing the at least two,
three, or four sets of sequence information to reduce or eliminate the sequence error(s). In one
embodiment, the comparison ndicates no error in the obtained target polynucleotide sequence when
the at least two, three, or four sets of sequence information are consistent with each other. In one
aspect, when the monochrome sequencing method is used, at least three sets of sequence
mformation are needed to detect the sequencing error(s). In another aspect, when the two-color
sequencing method 15 used, only two sets of sequence information are needed to detect the
sequencing error(s), because the information from the two fluorescence labels provide an extra
piece of information for comparing the sequences.

[0033] In another embodiment, the comparison indicates error in the obtained target
polynucleotide sequence when the at least two, three, or four sets of sequence information comprise

a discrepancy in at least one nucleotide residue of the target polynucleotide sequence. In one
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embodiment, the method further comprises correcting at least one nucleotide residue in the sbtained
target polynucleotide sequence such that after the correction, the at least two, three, or four sets of
sequence information are consistent with each other. In one aspect, the at least one nucleotide
residue is corrected by a deletion or insertion at the position where the error occurs, in order to
arrive at the correct sequence. In one aspect, each insertion at the position where the error occurs
extends the sequence by at least one nucleotide, and sequence information from one or more other
rounds of sequencing is compared with the extended sequence in order to arrive at the corrected
sequence. In another aspect, each deletion at the position where the error occurs shortens the
sequence by at least one nucleotide, and sequence information from one or more other rounds of
sequencing 1s compared with the shortened sequence in order to arrive at the corrected sequence.

{06034] In still another aspect, disclosed herein 15 a kit or system for obtaining sequence
mnformation of a polynucleotide, the kit or system comprising: a) a first sequencing reagent
comprising at least two different nucleotide monomer/first label conjugates that are substantially
non-fluorescent until after incorporation of the nucleotide monomer into a polynucleotide based on
complementarity to a target polynucleotide; and b) a second sequencing reagent comprising one or
more nucleotide monomers/second label conjugate(s) that 15 or are substantially non-fluorescent
until after mcorporation of the nucleotide monomer(s) into a polynucleotide based on
complementarity to the target polynucleotide, at least one of the one or more nucleotide monomers
beng different from the nucleotide monomers present in the first sequencing reagent, and ¢} a
detector for detecting fluorescence emission resulting from the first label and second label after
meorporation of the nucleotide monomers into the polynucleotide. In one embodiment, the kit or
system further comprises a first polynucleotide replicating catalyst and/or a second polynucleotide
replicating catalyst. In any of the preceding embodiment, the first and/or second label can be
conjugated to a terminal phosphate group of the nucleotide monomer. In one embodiment, the kit
or system further comprises an activating enzyme for releasing the first and/or second label(s} from
the termunal phosphate group of the nucleotide monomer. In any of the preceding embodiments, the
kit or system can further comprise a solid surface upon which a target polynucleotide is configured
to be immobilized. In one embodiment, the solid surface is a part of a microreactor.

{0035] In any of the preceding embodiments, the kit or system can further comprise means

for obtaining sequence information for at least a portion of a target polynucleotide based on the
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fluorescence emission resulting from the first label and second label after incorporation of the
nucleotide monomers into the polynuclestide. In one embodiment, the means comprises a computer
readable medium containing executable instructions that when executed obtaining sequence
mformation for at least a portion of a target polvnuclestide based on the fluorescence emission
resulting from the first label and second label after incorporation of the nuclestide monomers into
the polynucleotide.

{0036] In any of the preceding embodiments, the kit or system can further comprise means
for comparing multiple sequences to obtain a non-degenerate sequence and/or to reduce or eliminate
sequence error(s) in the non-degenerate sequence. In one embodiment, the means comprises a
computer readable medium containing executable mstructions that when executed comparing
multiple sequences to obtain a non-degenerate sequence and/or to reduce or eliminate sequence
error(s) in the non-degenerate sequence.

[6637] In one aspect, provided herein 1s a method of correcting an error of sequencing
nformation, comprising: {a) obtaining information of the leading and/or lagging dephasing
phenomenon of a sequencing reaction, using parameter estimation based on a sequencing signal
from one or more reference polynucleotides during the sequencing reaction and the known nucleic
acid sequence(s) of the reference polynucleotide(s); (b} obtaming a sequencing signal from a target
polynucleotide during the sequencing reaction; (¢} calculating a secondary lead amount of the target
polynuclectide based on the mformation obtained in step (a) and the sequencing signal obtained
from step (b}, {d) calculating the dephasing amount of the target polynuclectide based on the
sequencing signal obtamed from step (b) and the secondary lead amount of step {(¢); (e} correcting
the sequencing signal obtained from step (b} using the dephasing amount in order to generate a
predicted sequencing signal of the target polynuclestide; (f) repeating steps (¢} to (e} one or more
rounds, wherein the predicted sequencing signal from round  is used to calculate the secondary lead
amount of the target polynucleotide in round i+1, until the predicted sequencing signal of the target
polynucleotide from round j is mathematically convergent, wherein { and j are integers and 1</ <
i+1 <j. In one embodiment, the secondary lead phenomenon refers to that during sequencing, an
unexpected nucleotide extension occurs at a residue of the target polynucleotide, and the

unexpected extension is further extended by a nucleotide expected for the next residue. In one other
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embodiment, the dephasing amount comprises a change in the sequencing result due to the leading
and/or lagging dephasing phenomenon during sequencing.

{BG38] In any of the preceding embodiments, the parameter estimation in step {(a) can
comprise obtaining an attenuation coefficient. In any of the preceding embodiments, the parameter
estimation in step {(a) can further comprise obtaming an offset amount. In a ny of the preceding
embodiments, the parameter estimation in step (a) can comprise obtaining a unit signal information.
In any of the preceding embodiments, the parameter estimation in step (a} can comprise obtaining
the lead coefficient and/or lag coefficient with respect to each nucleotide or nucleotide combination.

{6039] In any of the preceding embodiments, the method can comprise obtaining the
information of the leading and/or lagging dephasing phenomenon of each round of sequencing
reaction when multiple rounds of sequencing reactions are performed.

{0048] In another aspect, provided herein 1s a method of correcting an error of sequencing
information, comprising: {a) performing parameter estimation based on a sequencing signal from
one or more reference polynucleotides during the sequencing reaction and the known nucleic acid
sequence(s) of the reference polynucleotide(s); (b} obtaining a sequencing signal from a target
polynucleotide durimg the sequencing reaction; (¢} calculating the secondary lead amount of the
target polynucieotide based on the information of leading or lagging dephasing obtamed by the
parameter estimation 1n step {a) and the sequencing signal obtained from step (b}; {d) calculating the
dephasing amount of the target polynucleotide based on the sequencing signal obtained from step (b)
and the secondary lead amount of step (¢}, (e) correcting the sequencing signal obtamned from step
{b) using the dephasing amount 1n order to generate a predicted sequencing signal of the target
polynucleotide; (f) repeating steps (c} to (e} one or more rounds, wherein the predicted sequencing
signal from round i is used to calculate the secondary lead amount of the target polynucleotide in
round i+1, until the predicted sequencing signal of the target polynucleotide from round j 18
mathematically convergent, wheremn { and j are integers and 1< <i+1 </, In one aspect, the
parameter estimation comprises obtaining the lead amount, the lag amount, the attenuation
coefficient, and/or the offset amount, based on the the sequencing signal from the reference
polynucleotide(s) and the known nucleic acid sequence(s) of the reference polynuclectide(s). In
another aspect, the secondary lead phenomenon refers to that during sequencing, an unexpected

nucleotide extension occurs at a residue of the target polynucleotide, and the unexpected extension
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is further extended by a nucleotide expected for the next residue. In vet another aspect, the
dephasing amount comprises a change in the sequencing result due to the leading and/or lagging
dephasing phenomenon during sequencing.

{6041] In yet another aspect, disclosed herein 1s a method of correcting a lead amount
during sequencing, comprising: obtaming a sequencing signal from a target polynucleotide during a
sequencing reaction that corresponds to the sequence of the target polynucleotide; and correcting
the sequencing signal from the target polynucleotide with a secondary lead amount due to the
secondary lead phenomenon, optionally using parameter estimation. In one embodiment, the
secondary lead phenomenon refers to that during sequencing, an unexpected nucleotide extension
occurs at a residue of the target polynucleotide, and the unexpected extension 1s further extended by
a nucleotide expected for the next residue.

[6042] In one aspect, the sequencing signal from a target polvnucleotide comprises a
primary lead amount due to the primary lead phenomenon, wherein the primary lead phenomenon
refers to that during sequencing, an unexpected nucleotide extension occurs at a residue of the target
polynucleotide.

{60643] In any of the preceding embodiments, if the sequencing signal from a particular
nucleotide residue of the target polynucleotide 1s ¢lose to a umit signal, then the sequencing signal
can be corrected using the secondary lead amount. In any of the preceding embodiments, the
deviation of the sequencing signal intensity from the unit signal intensity 1s within about 60%;,
within about 50%, within about 40%, within about 30%, within about 20%, within about 10%, or
within about S%.

{6044 In any of the preceding embodiments, when the n sequencing signal is obtained, the
method can comprise: comparing the sequencing signal of a reference polynucieotide with the
known sequence of the reference polynucleotide in order to identity an error during sequencing and
a method of correcting the error; using the sequencing signal of the target polynuclestide prior ton
and the method of correcting error o obtain a corrected sequencing signal, e.g., by feeding back the
sequencing signal of the target polynucleotide prior to n into the method of correcting error; and
determining if a secondary lead amount exists at residue n by comparing the sequencing signal of

the target polynucleotide at residue n with the corrected sequencing signal.

16



98]

[V

<&

WO 2017/084580 PCT/CN2016/106117

{6045] In any of the preceding embodiments, the sequencing can comprise adding one or
more sequencing regents into the reaction solution, wherein the one or more sequencing regents
optionally comprise a nucleotide and/or an enzyme. In any of the preceding embodiments, in the
sequencing, one, two, or three, types of nucleotides can be added in each sequencing reaction. In
any of the preceding embodiments, the sequencing reaction can involve an open or unblocked 3
end of a polynucleotide. In any of the preceding embodiments, in the sequencing, the added
nucleotide(s) can comprise one or more of A, 5, C, and T, or one or more of A, GG, C, and U. Inany
of the preceding embodiments, the detected sequencing signal can comprise an electrical signal, a
bioluminescent signal, a chemiluminescent signal, or any combination thereof

[B046] In any of the preceding embodiments, the parameter estimation can comprise:
deducing the ideal signal h according to the reference polynucleotide, calculating the dephasing
signal {or the phase mismatch) s and the predicted onginal sequencing signal p based on the preset
parameters, and calculating the correlation coefficient ¢ between p and the actual original
sequencing signal £ In one aspect, the method further comprises using an optimization method to
find a set of parameters so that the correlation coefficient ¢ reaches the optimal value. In another
aspect, the set of parameters comprises a lead coefficient or amount, a lag coefficient or amount, an
attenuation coefficient, an offset amount, a unit signal, or any combination thereof.

{B047] In any of the preceding embodiments, during the sequencing, two groups of reaction
solutions can be provided, each group containing one or more nucleotides different from the other
group, and one reaction solution 13 provided 1 each sequencing reaction. In one aspect, the two
groups of reaction solutions are used n an alternating manner to perform the sequencing reactions.
In any of the preceding embodiments, the sequencing of the target polyvnucleotide and the reference
polynuclestide can be performed simultaneously.

{0G48] In any of the preceding embodiments, the reference polynucleotide can be used for
parameter estimation in order to obtain one or more of the following parameters of the sequencing
reaction: a lead coefficient or amount, a lag coefficient or amount, an attenuation coefficient, an
offset amount, and a unit signal. In any of the preceding embodiments, the signal of the target
polynucleotide can be corrected using one or more parameters of the sequencing reaction obtained
by parameter estimation. In any of the preceding embodiments, the target polynucleotide can

comprise a tag comprising a known sequence and/or known amount of nucleotides, and the
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nucleotides of known sequence and/or known amount are used {0 generate a unit signal of the
sequencing reaction. In any of the preceding embodiments, the unit signal at each sampling point,
for example, at each nucleotide residue of the target polynucleotide, can be different.

16049] In still another aspect, disclosed herein 15 a computer readable medium that
comprises an nstruction for correcting an error of sequencing information. In one aspect, the
mstruction comprises: a) receiving sequencing information of a target polynucleotide and a
reference polynucleotide; and b} correcting the sequencing information of the target polynucleotide
using any of the method for correcting sequencing information disclosed herein.

{6056] In another aspect, a computer system for sequencing is provided and the system

comprises the computer readable medium disclosed herein.

Brief Description of the Drawings

(0051} FIG. 1 shows a method for correction of a sequence data error.

{0052] FIG. 2 shows data distribution of the data of Group 1 to Group 5 illustrated by the
violin plot and the box plot. The coding accuracy is represented by black, and the decoding
accuracy is represented by gray. The data of Group 1 to Group S is presented in sequence from left
to right.

{6053] FIG. 3 shows a frequency distribution histogram illustrating the number of signals of
each sequence of 5000 items of sequence data, which are modified during decoding,

{6054] FIG. 4 shows the number of the signals with error during coding and the correlated
relation between the numbers of the wrongly-modified signals during decoding, the horizontal
ordinate stands for the number of signals with error during coding; and the vertical coordinate
stands for the correlated relation between the numbers of wrongly-modified signals during decoding,
the gray scale of colors stands for the proportion of the counted times of the point i all of the
sequences.

[B055] FIG. 8 shows improvement the fluorogenic performance of TPLEFNs by changing the
fluorophore structure.

18056} FIG. 6 shows MALDI-TOF mass spectrum of the purified TPLFNs.

{6057 FIG. 7 shows the excitation and emission spectram of TG (Tokyo Green).
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{6058 FIG. 8 shows the emission spectrum of TG (Tokyo Green), Me-FAM and Me-HCF
at same condition {2 pM, pH 83, TE buffer, calculated with Area Normalization).

{6G59) FIG. 9 shows the absorption spectrum of TPLFN (T(G-dA4P) before and after
enzyme digestion.

{0060] FIG. 16 shows the emission spectrum of TPLFN (TG-dA4P) before and atter
enzyme digestion.

[0061] FIG. 11 shows a kinetic mode.

[8862] FIG. 12 shows reaction rate differences between four substrates.

[0063] F1G. 13 shows substrates competition.

[0064] FIG, 14 shows homopolymer length versus signal hinearity assay.

{6065] FIG. 15A shows homopolymer only composes of T. FIG. 15B shows homopolymer
composed of four repeated TC.

{8066] FIG. 16 shows temperature dependent activity of Bst.

[80667] FIG, 17 shows synthesis of N-(5-(2-bromoacetanudo)pentylacrylamide.

[6068] FIG. 18 illustrates primer grafting.

{60369] FIG. 19 shows contact angle difference between glass and BPAM coated-surface.

{6076] FIG, 26 shows BECCS hibrary design. FIG. 28A shows ECCS library before solid
phase PCR. FIG. 28B shows ECCS library before solid phase PCR. FIG. 20C shows ECCS
iibrary after annealing sequencing primer,

10871} FIG. 21 shows a template preparation process.

{6072] FIG. 22 shows gel-electrophoresis result of PCR products. Lane 1 1s marker
{Transgene, 100bp Plus I DNA Ladder); lane 2, 3 are two 200 bp templates (L718-208 {330 bp},
L10115-201 (323 bp}, respectively); lane 4-6 are three 300 bp templates (L718-308 {430 bp),
14418-305 (427 bp), L10115-301 (423 bp), respeciively); lane 7-9 are three 500 bp templates
(L501-500 {622 bp}, L30501-500 (622 bp), L46499-500 (622 bp), respectively}.

{60G73] FIG. 23 shows solid phase PCR process.

{0074] FIG. 24 shows a heatmap of PCR products density of different lanes and positions
{(top panel). X-axis labels of every panel mean four different lanes of a chip; Y-axis labels of every
panel mean five different imaging positions on a lane. Color from black to green represents PCR

products density from low to high. The bottom panel shows PCR products density of different
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templates. X-axis labels are different experiment groups of solid phase PCR; Y-axis labels are
mean density of every lane of a chip.

{6G75) FIG. 25 shows a sequencing instrument in the top panel, a typical fluorogenic
reaction kinetic curve in the bottom left panel, and kinetic curves of every reaction cycles along the
whole sequencing, according to one embodiment.

{8076] FIG. 26 shows a dephasing process.

{6077] FIG. 27 shows simulated sequencing signal (left) and DNA concentration
distribution in different positions (right}. Color bar: DNA proportion. (FIG, 27A & 27B)
Impurities: 0; reaction time: 300 (FIG. 27C & 27D) Impurities: 0.003; reaction time: 300
(FI1G. 27TE & 27F) Impurities: 0; reaction time: 100

{6678] FIG. 28 shows the One Pass, More Stop principle (top panel). The bottom panel
demonstrates the distribution and flux matrix and their relationship. The lead e and lag A
coefficients are set to 2% and 1%, respectively. The values of these two coefficients are relatively
large 1 order to show an obvious effect of dephasing, but are not estimation of the experimental
data.

{66G79] FIG. 29 shows a simplified flowchart of the correction algorithm,

[{6086] FIG. 36 shows an application of the correction algorithm.

{B081] FIG. 31 shows a dephasing correction algorithm.

{5682) FIG. 32 shows the mfluence of dephasing coetficients on the condition number of T,

{BG83) FIG. 33 shows the impact of dephasing coefticient deviation on signal correction.

[6084] FIG. 34 shows that global white noise will reduce the accuracy of the corrected
signal and make the latter cycles error-prone.

{B085] FIG. 35 shows the number of error-free cycles after dephasing correction under
given dephasing coetfticients and global white noise.

[B086] FIG. 36 shows the effect that a signal in a certain cycle was abnormal.

{6087] FIG. 37A shows the changing trajectories of each coefficient in the dephasing
coefficient estimation algorithm. FIG, 37B summarizes dephasing coefficients m multiple
sequencing rounds. FIG, 37C shows the relationship between dephasing coefficients and

sequencing reaction time.
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{BGE8] FIG. 38 shows a dephasing phenomenon in the sequencing of high-throughput DNA.
The squares represent the nucleotides of the template DNA, and the circles represent the nucleotides
composing nascent DNA strands. The patterns with oblique lines stand for sequencing primer areas,
and the patterns full of white or gray refer to different types of nucleotides.

{6089 FIG. 39 iilostrates the primary lead phenomenon and secondary lead phenomenon.

{0096] FIG. 40 shows that tertiary lead not occurring any longer.

{6091} FIG. 41 shows the basic process of the parameter estimation.

[0092] FIG. 42 shows the basic process of signal correction.

{6093] F1G. 43 shows the monochrome 2+2 original sequencing signal.

[00694] FIG. 44 shows the varniation trend of all parameters in the process of parameter
estimation for monochrome 2+2 original sequencing signal.

[6095] FIG. 45 shows the original signal and dephasing signal for the monochrome 2+2
sequencing.

{6096] FIG. 46 shows the tteration steps in the signal correction for monochrome 2+2
sequencing signal.

{6697] FIG. 47 shows the original signal for the primary bi-color 2+2-color sequencing.

[{B098] FIG. 48 shows the variation trend of all parameters in the process of parameter
estimation for bi-color 242 sequencing.

[6099] FIG. 49 shows the ongimal signal and dephasing signal for the primary bi-color 242
sequencing.

[66166] FIG. 50 shows the tteration steps in the signal correction for bi-color 2+2 sequencing.

{60161] FIG. 51 shows the statistical results of signal correction for multiple monochrome

+2 sequencing,

{66162]  FIG. 52 shows the principle of degenerated-base fluorogenic sequencing, according
to one aspect of the present disclosure.

{60163]  FIG. 53 shows the results of degenerated base-calling, according to one aspect of the
present disclosure.

{00164] FIG. 54 shows an information communication model for BECC sequencing,

according to one aspect of the present disclosure.
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{60165]  FIG. 55 shows the results of sequence decoding using dynamic programming,
according to one aspect of the present disclosure.

{60186] FIG. 56 shows that decoding upheaves ECC sequencing accuracy, according to one
aspect of the present disclosure.

{606167] FIG. 57 shows the distribution of the range of cycles by the three base combinations,
according to one aspect of the present disclosure.

{00168] FIG. 58 shows an example of layer and node traversing order for score matrix
construction.

{60109] FIG. 59 shows the state transition network of the hidden Markov model of ECC
decoding, according to one aspect of the present disclosure.

[B0116] FIG. 60 shows simulated distribution of accuracy before and after decoding,
according to one aspect of the present disclosure.

{66111} FIG. 61 shows exemplary decoding results.

Detatled Description

{80112] A detailed description of one or more embodiments of the claimed subject matter 1s
provided below along with accompanying figures that illustrate the principles of the claimed subject
matter. The claimed subject matter 15 described in connection with such embodiments, but 1s not
limited to any particular embodiment. It 1s to be understood that the claimed subject matter may be
embodied m various forms, and encompasses numerous alternatives, modifications and equivalents.
Therefore, specific details disclosed herein are not to be interpreted as himiting, but rather as a basis
for the claims and as a representative basis for teaching one skilled n the art to employ the claimed
subject matter in virtually any appropniately detailed system, structure, or manner. Numerous
spectfic details are set forth in the following description in order to provide a thorough
understanding of the present disclosure. These details are provided for the purpose of example and
the claimed subject matter may be practiced according to the claims without some or all of these
specific details. It 1s to be understood that other embodiments can be used and structural changes
can be made without departing from the scope of the claimed subject matter. It should be
understood that the various features and functionality described in one or more of the individual

embodiments are not himited in their applicability to the particular embodiment with which they are
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described. They instead can, be applied, alone or in some combination, to one or more of the other
embodiments of the disclosure, whether or not such embodiments are described, and whether or not
such features are presented as being a part of a described embodiment. For the purpose of clarity,
technical material that is known in the technical fields related to the claimed subject matter has not
been described in detail so that the claimed subject matter is not unnecessarily obscured.

[08113] Unless defined otherwise, all terms of art, notations and other technical and scientific
terms or terminology used herein are intended to have the same meaning as 15 commonly
understood by one of ordinary skill in the art to which the claimed subject matter pertains. In some
cases, terms with commonly understood meanings are defined herein for clarity and/or for ready
reference, and the imclusion of such definitions herein should not necessarily be construed to
represent a substantial difference over what 1s generally understood in the art. Many of the
technigues and procedures described or referenced herein are well understood and commonly
emploved using conventional methodology by those skilled in the art.

[66114] Al publications, including patent documents, scientific articles and databases,
referred to m this application are incorporated by reference in their entireties for all purposes to the
same extent as if each mdividual publication were mdividually mcorporated by reference. If a
definition set forth herein 1s contrary to or otherwise inconsistent with a definition set forth in the
patents, patent applications, published applications or other publications that are herein incorporated
by reference, the definttion set forth herein prevails over the definition that 1s incorporated herein by
reference. Citation of the publications or documents 1s not intended as an admission that any of
them is pertinent prior art, nor does it constitute any admussion as to the contents or date of these
publications or documents.

[06115] Al headings are for the convenience of the reader and should not be used to limit the

meaning of the text that follows the heading, unless so specified.

[06116] The practice of the provided embodiments will employ, unless otherwise indicated,
conventional techniques and descriptions of organic chemistry, polymer technology, molecular
biology (including recombinant techniques), cell biology, biochemistry, and sequencing technology,
which are within the skill of those who practice in the art. Such conventional technigues include
polypeptide and protein synthesis and modification, polynucleotide synthesis and modification,

polymer array synthesis, hybridization and ligation of polynucleotides, and detection of
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hybridization using a label. Specific illustrations of suitable technigues can be had by reference to
the examples herein. However, other equivalent conventional procedures can, of course, also be
used. Such conventional techniques and descriptions can be found n standard laboratory manuals
such as Green, ef al., Eds., Genome Analysis: A Laboratory Manual Series (Vols. -1V} (1999);
Weiner, Gabriel, Stephens, Eds., Genetic Variation: A Laboratory Manual (2007); DBieffenbach,
Dveksler, Eds., PCR Primer: A Laboratory Manual (2003); Bowtell and Sambrook, DNA
Microarrays: A Molecular Cloning Manual (2003); Mount, Bioinformatics: Sequence and Genome
Analysis (2004); Sambrook and Russell, Condensed Protocols from Molecular Cloning: A
Laboratory Manual (2006}; and Sambrook and Russell, Molecular Cloning: A Laboratory Manual
(2002) (all from Cold Spring Harbor Laboratory Press); Ausubel et ol eds., Current Protocols in
Molecular Biology (1987); T. Brown ed., Essential Molecular Biology (1991}, IRL Press; Goeddel
ed., Gene Expression Technology (1991}, Academic Press; A. Bothwell ef ol eds., Methods for
Cloning and Analysis of Eukaryotic Genes (1990), Bartlett Publ; M. Kriegler, Gene Transfer and
Expression (1990}, Stockton Press; R. Wu ef @l eds., Recombinant DNA Methodology (1989),
Academic Press; M. McPherson ef af., PCR: A Practical Approach (1991), IRL Press at Oxford
University Press; Stryer, Biochenustry {4th Ed.} (1995), W. H. Freeman, New York NY; Gaat,
Ohigonucleotide Synthesis: A Practical Approach (2002}, IRL Press, London; Nelson and Cox,
Lehninger, Principles of Biochemistry (2000} 3rd Ed., W. H. Freeman Pub., New York, N Y .; Berg,
et al., Biochemustry {2002} 5th Ed., W. H. Freeman Pub,, New York, NY.; D. Weir & C. Blackwell,
eds., Handbook of Experimental Immunology (1996), Wiley-Blackwell, Cellular and Molecular
Immunology (A. Abbas et af., W.B. Saunders Co. 1991, 1994); Current Protocols in Immunology (J.
Coligan et al. eds. 1991}, all of which are herein incorporated in their entireties by reference for ali
purposes.

{66117] Throughout this disclosure, vartous aspects of the claimed subject matter are
presented in a range format. It should be understood that the description in range format 1s merely
for convenience and brevity and should not be construed as an inflexible limitation on the scope of
the claimed subject matter. Accordingly, the description of a range should be considered to have
specifically disclosed all the possible sub-ranges as well as individual numerical values within that
range. For example, where a range of values is provided, it 1s understood that each intervening

value, between the upper and lower limit of that range and any other stated or intervening value in
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that stated range 1s encompassed within the claimed subject matter. The upper and lower limits of
these smaller ranges may independently be included m the smaller ranges, and are also
encompassed within the claimed subject matter, subject to any specifically excluded limit in the
stated range. Where the stated range includes one or both of the limits, ranges excluding either or
both of those included himits are also mncluded n the claimed subject matter. This applies regardless
of the breadth of the range. For example, description of a range such as from 1 to 6 should be
considered to have specifically disclosed sub-ranges such as from 1 to 3, from 1 to 4, from 1 to0 5,
from 2 to 4, from 2 to 6, from 3 to 6 etc., as well as individual numbers within that range, for

example, 1,2, 3,4, 5, and 6.
i Definitions

{6G118]  As used herein, the singular forms “a,” “an,” and “the” include plural referents
unless the context clearly dictates otherwise. For example, “a” or “an” means “at least one” or “one
or more.” It 1s understood that aspects and variations described herein include “consisting” and/or
“consisting essentially of” aspects and variations.

{00119] The term “about” as used herein refers to the usual error range for the respective
value readily known to the skilled person in this technical field. Reference to “about” a value or
parameter herein includes {and describes) embodiments that are directed to that value or parameter
per se. For example, description referring to “about X7 includes description of “X”.

39 C6

[801206] The terms “polynuclectide,” “oligonucleotide,” “nucleic acid” and “nucleic acid
molecule” are used interchangeably herein to refer to a polymeric form of nucleotides of any length,
and comprise ribonucleotides, deoxyribonucleotides, and analogs or mixtures thereof. The terms
mclude triple-, double- and single-stranded deoxyribonucleic acid ("BNA”), as well as triple-,
double-~ and single-stranded ribonucleic acid ("RNA”}. It also includes modified, for example by
alkylation, and/or by capping, and unmodified forms of the polynucleotide. More particularly, the
terms “polynucleotide,” “oligonucleotide,” “nucleic acid,” and “nucleic actd molecule” include
polydeoxyribonucleotides (containing 2-deoxy-D-ribose}, polyribonucleotides (contaiming D-
ribose), including tRNA, rRNA, hRNA, and mRNA, whether spliced or unspliced, any other type of
polynucieotide which is an N- or C-glycoside of a purine or pyrimidine base, and other polymers

containing nonnucleotidic backbones, for example, polyamide {e.g., peptide nucleic acids ("PNAs}}
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and polymorpholing {commercially available from the Anti-Virals, Inc., Corvallis, OR, as Neugene)
polymers, and other synthetic sequence-specific nucleic acid polymers providing that the polymers
g, such as 1s

o0

found in DNA and RNA. Thus, these terms include, for example, 3'-deoxy-2',5-DNA,

contain nucleobases in a configuration which allows for base pairing and base stackin

oligodeoxyribonucleotide N3' to P35 phosphoramidates, 2'-O-alkyi-substituted RNA, hybrids
between DNA and RNA or between PNAs and DNA or RNA, and also include known types of
modifications, for example, labels, alkvylation, “caps,” substitution of one or more of the nucleotides
with an analog, inter-nucleotide modifications such as, for example, those with uncharged linkages
{e.g., methyl phosphonates, phosphotriesters, phosphoranudates, carbamates, efc.), with negatively
charged linkages {e.g., phosphorothicates, phosphorodithioates, efc.}, and with positively charged
linkages (e.g., aminoalkylphosphoramidates, aminoalkylphosphotriesters), those containing pendant
moieties, such as, for example, proteins (including enzymes {e.g. nucleases), toxins, antibodies,
signal peptides, poly-L-lysine, etc.), those with intercalators {e.g., acridine, psoralen, eic.), those
containing chelates (of, e.g., metals, radicactive metals, boron, oxidative metals, erc.), those
containing alkvlators, those with modified linkages (e.g., alpha anomeric nucleic acids, erc.), as well
as unmodified forms of the polynucleotide or oligonucleotide. A nucleic acid generally will contain
phosphodiester bonds, although in some cases nucleic acid analogs may be included that have
alternative backbones such as phosphoramidite, phosphorodithioate, or methyviphophoroamidite
iinkages; or peptide nucleic acid backbones and linkages. Other analog nucleic acids include those
with bieyclic structures mcluding locked nuclete acids, positive backbones, non-1onic backbones
and non-ribose backbones. Modifications of the nibose-phosphate backbone may be done to
increase the stability of the molecules; for example, PNA:DNA hybrids can exhibit higher stability

2% 46

in some environments. The terms “polynuclectide,” “oligonucleotide,” “nucleic acid” and “nucleic
actd molecule” can comprise any suitable length, such as at least 5, 6,7, 8,9, 10, 20, 30, 40, 50, 100,
200, 300, 400, 500, 1,000 or more nucleotides.

{66121] It will be appreciated that, as used herein, the terms “nucleoside” and “nucleotide”
mnclude those moieties which contain not only the known purine and pyrimidine bases, but also
other heterocyclic bases which have been modified. Such modifications include methylated purines
or pynimidines, acylated purines or pyrinidines, or other heterocycles. Modified nucleosides or

nucleotides can also include modifications on the sugar moiety, e.g., wherein one or more of the
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hydroxyl groups are replaced with halogen, aliphatic groups, or are functionalized as ethers, amines,
or the like. The term “nucleotidic unit” 1s intended to encompass nucleosides and nucleotides.

{60122] The terms “complementary” and “substantially complementary” include the
hybridization or base pairing or the formation of a duplex between nucleotides or nucleic acids, for
msiance, between the two strands of a double-stranded DNA molecule or between an
oligonucleotide primer and a primer binding site on a single-stranded nucleic acid. Complementary
nucleotides are, generally, A and T (or A and U), or C and G. Two single-stranded RNA or DNA
molecules are said to be substantially complementary when the nucleotides of one strand, optimally
aligned and compared and with appropriate nucleotide insertions or deletions, pair with at least
about 80% of the other strand, usually at least about 30% to about 95%, and even about 98% to
about 100%. In one aspect, two complementary sequences of nucleotides are capable of
hybridizing, preferably with less than 25%, more preferably with less than 15%, even more
preferably with less than 5%, most preferably with no mismatches between opposed nucleotides.
Preferably the two molecules will hybridize under conditions of high stringency.

[#6123] “Hybndization” as used herein may refer to the process in which two single-stranded
polynucieotides bind non-covalently to form a stable double-stranded polynucleotide. In one aspect,
the resulting double-stranded polynucieotide can be a “hybnd” or “duplex.” “Hybridization
conditions” typically include salt concentrations of approximately less than 1 M, often less than
about 500 mM and may be less than about 200 mM. A “hybridization buffer” inclades a buffered
salt solution such as 5% SSPE, or other such buffers known in the art. Hybridization temperatures
can be as low as 5°C, but are typically greater than 22°C, and more typically greater than about
30°C, and typically in excess of 37°C. Hybridizations are often performed under siringent
conditions, i.e., conditions under which a sequence will hybridize to its target sequence but will not
hybridize to other, non-complementary sequences. Stringent conditions are sequence-dependent
and are different in different circumstances. For example, longer fragments may require higher
hybridization temperatures for specific hybridization than short fragments. As other factors may
affect the stringency of hybridization, including base composition and length of the complementary
strands, presence of organic solvents, and the extent of base mismatching, the combination of
parameters is more important than the absolute measure of any one parameter alone. Generally

stringent conditions are selected to be about 5°C lower than the Tm for the specific sequence ata
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defined ionic strength and pH. The melting temperature Tim can be the temperature at which a
population of double-stranded nucleic acid molecules becomes half dissociated mnto single strands.
Several equations for calculating the Tm of nucleic acids are well known in the art. As indicated by
standard references, a simple estimate of the Tm value may be calculated by the equation, Tm =81.5
+0.41 (% G + C), when a nucleic acid 1s in aqueous solution at 1 M Na{'l (see ¢.g., Anderson and
Young, Quantitative Filter Hybridization, in Nucleic Acid Hybrnidization (1985}). Other references
{e.g., Allawi and Santalucia, Jr., Biochemuistry, 36:10581-94 (1997)) include alternative methods of
computation which take structural and environmental, as well as sequence characteristics into
account for the calculation of Tm.

{00124] In general, the stability of a hybrid 1s a function of the 1on concentration and
temperature. Typically, a hybridization reaction is performed under conditions of lower stringency,
followed by washes of varying, but higher, stringency. Exemplary stringent conditions include a
salt concentration of at least 0.01 M to no more than 1 M sodium ion concentration {or other salt) at
a pH of about 7.0 to about 8.3 and a temperature of at least 25°C. For example, conditions of § x
SSPE (750 mM NaCl, 50 maM sodium phosphate, 5 mM EDTA at pH 7.4) and a temperature of
approximately 30°C are suitable for allele-specific hybridizations, though a suitable temperature
depends on the fength and/or GC content of the region hybridized. In one aspect, “stringency of
hybridization” 1n determuning percentage mismatch can be as follows: 1) high stringency: 0.1 x
SSPE, 0.1% 8BS, 65°C; 2) medium stringency: 0.2 x S8PE, 0.1% SDS, 50°C (also referred to as
moderate stringency); and 3} low stringency: 1.0 x 8SPE, 0.1% SDS, 50°C. It 1s understood that
equivalent stringencies may be achieved using alternative buffers, salts and temperatures. For
example, moderately stringent hybridization can refer to conditions that permit a nucleic acid
molecule such as a probe to bind a complementary nucleic acid molecule. The hybridized nucleic
acid molecules generally have at least 60% identity, including for example at least any of 70%, 75%,
80%, 85%, 90%, or 95% 1dentity. Moderately stringent conditions can be conditions equivalent to
hybridization in 50% formamide, 5 * Denhardt’s solution, 5 x 8SPE, 0.2% SDS at 42°C, followed
by washing in 0.2 ¥ S8PE, 0.2% SDS, at 42°C. High stringency conditions can be provided, for
example, by hybridization in 50% formamide, 5 x Denhardt’s solution, 5 x SSPE, 0.2% SDS at
42°C, followed by washing 1n 0.1 x SSPE, and 0.1% SDS at 65°C. Low stringency hybridization

can refer to conditions equivalent to hybridization i 10% formamide, 5 * Denhardt’s solution, 6 x
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SSPE, 0.2% SDS at 22°C, followed by washing in 1x SSPE, 0.2% SDSK, at 37°C. Denhardt’s
solution contains 1% Ficoll, 1% polyvinvipyrolidone, and 1% bovine serum albumin (BSA). 20 =
SSPE (sodium chloride, sodium phosphate, EDTA) contains 3 M sodium chloride, 0.2 M sodium
phosphate, and 0.025 M EDTA. Other suitable moderate stringency and high stringency
hybridization buffers and conditions are well known to those of skill in the art and are described, for
example, in Sambrook e7 al., Molecular Cloning: A Laboratory Manual, 2Znd ed., Cold Spring
Harbor Press, Plainview, N.Y. {1989); and Ausubel ef af., Short Protocols in Molecular Biology, 4th
ed., John Wiley & Sons (1999).

{00125]  Alternatively, substantial complementarity exists when an RNA or DNA strand will
hybridize under selective hybridization conditions to its complement. Typically, selective
hybridization will occur when there 1s at least about 65% complementary over a stretch of at least
14 to 25 nucleotides, preferably at least about 75%, more preferably at least about 90%
complementary. See M. Kanehisa, Nucleic Acids Res. 12:203 (1984).

[80126] A “primer” used herem can be an oligonucleotide, either natural or synthetic, that 1s
capable, upon forming a duplex with a polvnucleotide ternplate, of acting as a point of mitiation of
nucleic acid synthesis and being extended from its 3" end along the template so that an extended
duplex is formed. The sequence of nucleotides added during the extension process 1s determined by
the sequence of the template polynuclestide. Primers usually are extended by a polymerase, for
example, a DNA polymerase.

{86127] A “substantially non-fluorescent” moiety refers a motety that 1s approximately or
essentially without emitting detectable fluorescence. For example, a ratio of a detectable absolute
fluorescent emission from a fluorescent moiety to a detectable absolute fluorescent emission from a
substantially non-fluorescent moiety at approximately the same concentrations of the fluorescent
moiety and the substantially non-fluorescent moiety is typically about 500:1 or more, more typicaily
about 1000:1 or more, and even more typically about 1500:1 or more {e.g., about 2000:1, about
2500:1, about 3000:1, about 3500:1, about 4000:1, about 4500:1, about 5000:1, about 104:1, about
10°:1, about 10%1, about 1071, or about 103:1).

{00128] ““Sequence determination” and the like, such as a nucleotide sequencing method,
nclude determination of information relating to the nucleotide base sequence of a nucleic acid.

Such information may include the identification or determination of partial as well as full sequence
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mformation of the nucleic acid. Sequence information may be determined with varying degrees of
statistical reliability or confidence. In one aspect, the term includes the determination of the identity
and ordering of a plurality of contiguous nucleotides in a nucleic acid. “High throughput
sequencing” or “next generation sequencing” includes sequence determination using methods that
determine many (typically thousands to billions) of nucleic acid sequences in an intrinsically
parallel manner, i.e. where DNA templates are prepared for sequencing not one at a time, butina
bulk process, and where many sequences are read out preferably in parallel, or alternatively using
an ultra-high throughput serial process that tiself may be parallelized. Such methods include but are
not himited to pyrosequencing {for example, as commercialized by 454 Life Sciences, Inc, Branford,
CT); sequencing by ligation {for example, as commercialized in the SOLiD™ technology, Life
Technologies, Inc., Carisbad, CA); sequencing by synthesis using modified nucleotides (such as
commercialized in TruSeq™ and HiSeq™ technology by Hlunina, Inc., San Diego, CA;
HeliScope™ by Helicos Biosciences Corporation, Cambridge, MA; and PacBio RS by Pacific
Biosciences of Califorma, Inc., Menlo Park, CA), sequencing by 1on detection technologies (such as
Ton Torrent™ technology, Life Technologies, Carlsbad, CA); sequencing of DNA nanoballs
{Complete Genomics, Inc., Mountain View, CA}; nanopore-based sequencing technologies {(for
example, as developed by Oxford Nanopore Technologies, 1L TD, Oxford, UK), and like highly
parallelized sequencing methods.

{80128] In any of the embodiments disclosed herein, the method for obtaining sequence
mformation of a target polynucleotide can be performed in a multiplex assay. “Multiplexing” or
“multiplex assay” herein may refer to an assay or other analytical method 1n which the presence
and/or amount of multiple targets, e.g., multiple nucleic acid sequences, ¢an be assayed
simultaneously, each of which has at least one different detection characteristic, e.g., fluorescence
charactenistic {for example excitation wavelength, emission wavelength, emission mtensity, FWHM
(full width at half maximum peak height), or fluorescence lifetime} or a unique nucleic acid or
protein sequence characteristic,

{80138] In any of the embodiments disclosed herein, the sequencing reactions of the target
polynucleotides may be performed on an array, such as a microchip. The array may comprise a
plurality of reaction volumes, for example, created by a plurality of reaction chambers disposed on

the array. The target nucleotide sequences or fragments thereof can be fixed or otherwise
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mmmobilized in the reaction volumes, such as by adsorption or specific binding to a capture
molecule on a solid support in each reaction volume. After the reaction solution 1s provided in the
reaction mix and delivered to each reaction volume, each reaction volume can be closed and/or
separated from other reaction volumes on the array. Then, a signal such as fluorescence
mformation can be detected and/or recorded from each reaction volume.

{80131] In any of the embodiments disclosed herein, the array can be addressable. In one
aspect, addressability comprises the capacity of a microchip to direct materials such as nucleic acids
and enzymes and other amplification components from one position to another on the microchip the
capture sites of the chip. In another aspect, addressability comprises the capacity of spatially
encoding the sequencing reaction and/or sequencing product thereof on each array spot, such that
after sequence readout, a sequencing reaction and/or sequencing product thereof can be mapped
back to a specific spot on the array and associated with other identifying information from that
spectfic spot. For example, space encoding tags may be conjugated to the target polynucleotides
such that when the conjugated target polyonucleotide are sequenced, the tag sequence reveals where

on the array the target is located.
118 Sequencing Methods

{80132] In one aspect, disclosed herein s a sequencing method for nucleotide molecules by
modifying a fluorophore using phosphate. In another aspect, disclosed heren is a sequencing
method using a nucleotide molecule that 1s modified with a fluorescence switching fluorophore.

[00133] In one aspect, disclosed heremn is a sequencing method of mixed nucleotide. Ina
specific embodiment, disclosed herein 1s a sequencing method by using phosphate to modify mixed
nucleotide molecules with fluorophores. In addition, the present disclosure also relates to a
sequencing method based on fluorophores having fluorescence switching property.

{00134] Tn one aspect, disclosed heremn 1s a sequencing method using mixed nucleotide
molecules. In a specific embodiment, disclosed herein 15 a sequencing method by using modified
mixed nucleotide molecules with fluorophores. In addition, the present disclosure also relates to a
sequencing method based on flucrophores having fluorescence switching property. The present

disclosure combines the fluorescence switching sequencing and the mixed nucleotide molecules
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sequencing, achieving unexpected technical results. The special signal acquisition method and
efficiency enable it has a great prospect in gene sequencing.

{6G135]  In one aspect, disclosed herein s a sequencing method using nucleotide substrate
molecules, wherein the sequencing is achieved by modifying the 57 end or an intermediate
phosphate of a nucleotide substrate molecule with a fluorophore; each round of sequencing uses one
reaction solution group, each reaction solution group comprises two reaction solutions, and each
reaction solution comprises two nucleotides with different bases. In one embodiment, the
nucleotides in one reaction solution are complementary with two bases on the nucleotide sequence
to be determined, and the nucleotides in the other reaction solution are complementary with the
other two bases on the nucleotide sequence to be determined. In one embodiment, the method
comprises first providing the nucleotide sequence fragment to be determined (for example, by
fixing the nucleotide sequence on a solid support), and then providing the first reaction solution in
one reaction solution group to start the first round of sequencing. In one embodiment, the method
comprises detecting and recording the fluorescent signals from the first round of sequencing. In one
embodiment, the method then comprises providing the second reaction solution of the same reaction
solution group, to continue the first round of sequencing. Fluorescent signals are agam detected and
recorded. Tn one aspect, the above steps are repeated, and the first and second reaction solutions
can be provided sequentially n any suitable order, in order to obtain the coded information of the
nucleotide sequence to be determined through analysis of the fluorescent signals.

{06136] In one embodiment, each of the reaction solution ncludes two nucleotides with
different bases, which may be labeled with different or the same fluorophores.

{60137] In any of the preceding embodiments, the sequencing can be achieved by modifyving
5’end or intermediate phosphate of the nucleotide substrate molecules with fluorophores having
fluorescence switching property. In one aspect, the fluorescence switching property refers to that
the fluorescence signal after sequencing 1s significantly changed compared to the condition before
the sequencing reaction.

[00138] In any of the preceding embodiments, the fluorescence switching property can refer
to that the fluorescence signal after sequencing 1s significantly enhanced (or increased) compared to

the condition before the sequencing reaction.
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{60139]  Also disclosed herein in one aspect 1s a sequencing method, using nucleotide
substrate molecules with fluorophores having fluorescence switching property. In one aspect, the
sequencing is achieved by modifying 5° end or intermediate phosphate of the nucleotide substrate
molecules with fluorophores having fluorescence switching property. In one aspect, the
fluorescence switching property refers to that the intensity of fluorescence signal after sequencing is
significantly enhanced compared to the condition before the sequencing reaction. Each round of
sequencing uses one reaction solution group, each reaction solution group includes two reaction
solutions, and each reaction solution includes two nucleotide substrate molecules with different
bases. In one aspect, the nucleotide substrate molecules in one reaction solution are complementary
with two bases on the nucleotide sequence to be tested, and the nucleotide substrate molecules
the other reaction solution are complementary with the other two bases on the nucleotide sequence
to be tested. In one aspect, the method comprises fixing the nucleotide sequence fragment to be
tested in the reaction chamber, and letting in the first reaction solution in one reaction solution
group. In one aspect, the method comprises releasing the fluorophores on the nucleotide substrate
using enzymes to cause fluorescence switching. In one aspect, the method comprises letting in the
second reaction solution of the same reaction solution group. In one aspect, the method comprises
releasing the fluorophores on the nucleotide substrate using enzymes to cause fluorescence
switching. In one aspect, the method comprises adding the two reaction solutions in an alternating
manner, and obtaining the coded mformation of the nucleotide substrate to be tested through the
fluorescent information.

[B0140] In another aspect, disclosed herein 1s a sequencing method using nucleotide substrate
molecules with fluorophores having a fluorescence switching property. In one aspect, the
sequencing 1s achieved by modifying the 5” end or an intermediate phosphate of a nucleotide
substrate molecule with a fluorophore having a fluorescence switching property. In one aspect, the
fluorescence switching property refers to that the intensity of fluorescence signal after sequencing is
significantly enhanced compared to the intensity of fluorescence signal before the sequencing
reaction. In one aspect, each sequencing run uses one reaction solution group, each reaction
solution group comprising at least two reaction solutions, and each reaction solution comprising at
least one of the A, G, C, or T nucleotide substrate molecules, or one of the A, G, C, or U nuclectide

substrate molecules. In one aspect, a nucleotide sequence fragment to be tested is first fixed in a
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reaction chamber, and a reaction solution from one reaction solution group is provided in the
reaction chamber. The sequencing reaction can be started under a suitable condition, and a
fluorescent signal 1s recorded. Then, additional reaction solutions are provided one at a time, so that
the other reaction solutions in the same reaction solution group are provided sequentially in the
sequencing reaction. At the same time, one or more fluorescent signals from each reaction solution
are recorded. In one aspect, there is at least one reaction solution in a reaction solution group that
comprises two or three nucleotide molecules.

{80141] In one other aspect, disclosed herein is a sequencing method using nucleotide
substrate molecules with fluorophores having fluorescence switching property, achieved by
modifying 5S’end or intermediate phosphate of the nucleotide substrate molecules with fluorophores
having fluorescence switching property. In one aspect, the fluorescence switching property refers to
that the intensity of fluorescence signal after sequencing is significantly enhanced compared to the
condition before the sequencing reaction. In one aspect, each sequencing run uses one reaction
solution group, each reaction solution group mcludes two reaction solutions, and each reaction
solution includes any of A, G, C or T nucleotide substrate molecule, oranv of A, G, Cor U
nucleotide substrate molecule. In one aspect, the method comprises first fixing the nucleotide
sequence fragment to be tested in the reaction chamber, and letting 10 one reaction solution in one
reaction solution group. In one aspect, the method comprises testing and recording the flucrescent
mformation. In one aspect, the method comprises adding one reaction solution at a time, and then
the other reaction solutions 1n the same reaction solution group sequentially. Fluorescent
mformation from each sequencing reaction is recorded.

{60142] In another aspect, disclosed herein is a sequencing method using nucleotide substrate
molecules with fluorophores having flucrescence switching property, and the sequencing 1s
achieved by modifving ’end or mtermediate phosphate of the nucleotide substrate molecules with
fluorophores having fluorescence switching property, and the fluorescence switching property refers
to that the intensity of fluorescence signal after sequencing is significantly enhanced compared to
the condition before the sequencing reaction. In one aspect, each round of sequencing uses one
reaction solution group, and the reaction solution includes A, G, C and T nuclectide substrate

molecules, or A, G, C and U nucleotide substrate molecules. In one aspect, the method comprises

34



[\
[V

WO 2017/084580 PCT/CN2016/106117

fixing the nucleotide sequence fragment to be tested in the reaction chamber, and letting in the
reaction solution, and recording the fluorescent information.

{60143]  In any of the preceding embodiments, the method can further comprise removing the
residual reaction solution and fluorescence molecules with cleaning solution, and then proceeding
with the next round of sequencing reaction. In any of the preceding embodiments, the reaction
solution can be provided at a low temperature, and then heated to an enzyme reaction temperature,
wherein a fluorescence signal 1s detected. In any of the preceding embodiments, after the reaction
solution 1s provided in the reaction mix, the reaction chamber can be closed and fluorescence
mformation can be detected and/or recorded.

{00144} In any of the preceding embodiments, after the reaction solution 15 provided, the
space outside the reaction chamber can be filled with o1l to insulate and close the reaction chamber.
In any of the preceding embodiments, the nucleotide substrate molecules of poly-phosphoric acid
can refer to the nucleotide with 4 to 8 phosphoric acid molecules. In any of the preceding
ernbodiments, the modified nucleotide substrate molecules with fluorophores can be labeled with
one fluorescence group for single-color sequencing; or with different fluorescence groups for
multiple~-color sequencing.

[86145] In any of the preceding embodiments, the method can comprise releasing the
fluorophores on the nucleotide substrate with fluorophores having fluorescence switching property
using enzymes, wherein the enzymes can optionally comprise BNA polymerase and/or alkaline
phosphatase.

[80146] In any of the preceding embodiments, wherein the two bases on the nuclestide
sequence to be tested can comprise any two of A, G, C and T bases or of A, GG, C and U bases;
wherein Base  1s methylated C or non-methylated C.

{68147] In any of the preceding embodiments, the reaction solution can comprise the
enzymes, namely, when the reaction solution 1s let into the reaction area where the gene segment to
be tested 15 located, the included enzyme can release the fluorophores on the nuclestide substrate
with fluorophores having fluorescence switching property.

{00148] In any of the preceding embodiments, the reaction solution and the enzyme can be

added at different times, namely, first letting in the first reaction solution of one reaction solution
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group, and then letting in the enzyme solution; next, let in the second reaction solution in the same
reaction solution group, and then the enzyme solution.

{6G149] In any of the preceding embodiments, one reaction solution group can be used to
conduct one round of sequencing, or two reaction solution groups can be used to conduct two
rounds of sequencing, or three reaction solution groups can be used for three rounds of sequencing.

{801568] In any of the preceding embodiments, the method can comprise conducting one
round of sequencing using one reaciion solution group and obtaining a degenerate code result.

{00151] In anv of the preceding embodiments, the method can comprise conducting two
rounds of sequencing using two reaction solution groups and obtain a base sequence information.

[00132] In any of the preceding embodiments, the method can comprise conducting three
reaction solutions to conduct three rounds of sequencing, and performing error checking and
correction using the mutual information among the three rounds of sequencing based on the results
of two rounds of sequencing.

[00133] In any of the preceding embodiments, the fluorophores having fluorescence
switching property can comprise the fluorophores with structures like methyl fluorescein,
halogenated methyl fluorescein, DDAQ, or resorufin,

[80154] In any of the preceding embodiments, the method can comprise releasing the
fluorophores on the nuclectide substrate with fluorophores having fluorescence switching property
using enzymes, wherein the optimization optionally comprises releasing the fluorophores
substituted by the polyphosphoric acid using DNA polymerase furst, and then excising the
substituting polyphosphoric acid using the phosphatase to release the fluorophores.

{B0155] In any of the preceding embodiments, the reaction solution can comprise two or
more nucleotides with different bases, the reaction solution may be simply decomposed into two or
more reaction solutions, so that each of the reaction solution includes one or more nucleotides; and
at least one reaction solution can comprise two or three nucleotides with different bases.

{00156] Also disclosed herein is a high-throughput sequencing method according to any of
foregoing embodiments, wherein the sequencing reaction is conducted on a chip which has several
reaction chambers. The method can optionally comprise fixing the nucleotide sequence fragment to

be tested 1n the reaction chamber.
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{6G157] In another aspect, disclosed herein is a sequencing method using nucleotide substrate
molecules with fluorophores having fluorescence switching property, and the sequencing 1s
achieved by using 5’end polyphosphoric acid to modify nucleotide substrate molecules with
flusrophores having fluorescence switching property. In one aspect, provided herein 1s a method
comprising first immobilizing the nucleotide sequence fragment to be tested, and adding in the
reaction solution which contains nucleotide substrate molecules. Then, fluorophores on the
nucleotide substrate can be released using enzymes to cause fluorescence switching.

{00158] In one embodiment, the sequencing method further comprises removing the residual
reaction solution and fluorescence molecules with a cleaning solution, and then proceeding with the
next round of sequencing reaction. In any of the preceding embodiments, the sequencing method
can comprise a reaction solution at a low temperature, which is then heated to an enzyme reaction
temperature. A fluorescence signal may then be detected and/or recorded.

[B0159]  In any of the preceding embodiments, the nucleotide substrate molecules can
comprise the nucleotide molecules containing A, G, C and T bases, or those that contain A, G, C
and U bases; wherem the C is the methylated C or non-methylated C. In any of the preceding
embodiments, the nucleotide substrate molecules can comprise fluorophores having fluorescence
switching property, modified by 5° end polyphosphoric acid. In any of the preceding embodiments,
the nucleotide substrate molecules can comprise fluorophores baving fluorescence swiiching
property, modified by 37 end phosphoric acid.

[B0168]  Also disclosed heremn ts a method according to any of the foregoing embodiments,
wherein different nucleotide substrate molecules may be connected with one fluorophore for single-
color sequencing or connected with multiple fluorophores for multiple-color sequencing, depending
on the base.

{0G161] Disclosed heremn is a method according to any of the foregoing embodiments,
wherein the flucrescence switching property refers to that the fluorescence signal after each step of
sequencing reaction is significantly enhanced or weakened, or the frequency of the emission light is
significantly changed compared to the conditions before the sequencing reaction;

[00162] Dhsclosed herein 15 a method according to any of the foregoing embodiments,

wherein the fluorescence switching property refers to that the fluorescence signal after each step of
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sequencing reaction is significantly enhanced compared to the condition before the sequencing
reaction;

{60163] Disclosed herein is a method according to any of the foregoing embodiments,
wherein the reaction solution containing nucleotide substrate molecules is used for sequencing. The
nucleotide substrate molecules refer to the mixture of any two or three of A, G, C and T nucleotide
substrate molecules; or the mixture of any two or three of A, G, C and U nucleotide substrate
molecules.

{00164] Disclosed herein 1s a method according to any of the foregoing embodiments,
wherein the reaction solution containing nucleotide substrate molecules 1s used for sequencing. The
nucleotide substrate molecules refer to any of A, G, C and T nucleotide substrate molecules; or any
of A, G, C and U nucleotide substrate molecules.

[06165] Disclosed herem 1s a sequencing method using nucleotide substrate molecules with
fluorophores having fluorescence switching property according to any of the preceding
ernbodiments, wherein each round of sequencing uses one reaction solution group, each reaction
solution group mcludes at least two reaction solutions, and each reaction solution mcludes at least
one of A, G, C or T nucleotide substrate molecule, or one of A, &, C or U nucleotide substrate
molecule. The method n one aspect comprises fixing the nucleotide sequence fragment to be tested,
and letting n one reaction solution in one reaction solution group, and recording the fluorescent
mformation. The method in one aspect comprises letting 1 one reaction sohution each time, and
letting n the other reaction solutions n the same reaction solution group sequentially. In one aspect,
there 15 at least one reaction solution that contains two or three nucleotide molecules in the reaction
solution group.

[08166] Disclosed herein is a sequencing method using nucleotide substrate molecules with
fluorophores having flucrescence switching property according to any of the preceding
embodiments, wherein each round of sequencing uses one reaction solution group, each reaction
sohution group includes two reaction solutions, and each reaction solution includes two nucleotides
with different bases. In one aspect, the nucleotide in one reaction solution is complementary with
two bases on the nucleotide sequence to be tested, and the nucleotide in the other reaction solution
1s complementary with the other two bases on the nucleotide sequence to be tested. In one aspect,

the method comprises fixing the nucleotide sequence fragment to be tested, and letting in the first
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reaction sofution in one reaction solution group. Then, the second reaction solution of the same
reaction solution group is provided. The two reaction solutions can be added sequentially m an
alternating fashion, in order to obtain the coded mformation of the nucleotide substrate to be tested
through the fluorescent information.

{66167] In any of the foregoing embodiments, after the reaction solution 1s added in
sequencing the reaction, the reaction chamber is closed, and then the fluorescent signal is record.

{00168] In any of the foregoing embodiments, after the reaction solution 1s added in
sequencing the reaction, the space outside the reaction chamber is filled with o1l or an oil-like
substance that is capable of mmsulating and closing the reaction chamber.

[00169] In any of the foregoing embodiments, the polyphosphoric acid nucleotide substrate
can be a nucleotide with about 4 to about 8 phosphoric acid molecules.

[86178] In any of the foregoing ervbodiments, one reaction solution group can be used to
conduct one round of sequencing, or two reaction solution groups can be used to conduct two
rounds of sequencing, or three reaction solution groups can be used for three rounds of sequencing.

[66171] In any of the foregoing embodiments, the method can comprise releasing the
fluorophores on the nuclectide substrate with fluorophores having fluorescence switching property
using an enzyme. The enzyme may comprise a DNA polymerase and/or an alkaline phosphatase.

[66172] In any of the foregoing embodiments, the method can comprise conducting one
round of sequencing using one reaction solution group, and obtaming degenerate code results.

[B6173]  In any of the foregoing embodiments, the method can comprise conducting two
rounds of sequencing using two reaction solution groups, and obtaming base sequence imformation.

{06174] In any of the foregoing embodiments, the method can comprise using three reaction
solutions to conduct three rounds of sequencing, and performing the error checking and correction
using the mutual information based on the results of any two rounds of sequencing among the three
rounds of sequencing.

{0G175] In any of the foregoing embodiments, the reaction solution can comprise an enzyme.
When the reaction solution is let into the reaction area where the gene segment to be tested is
located, the included enzyme can release the fluorophores on the nucleotide substrate with

fluorophores having fluorescence switching property.
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{66176] In any of the foregoing embodiments, the reaction solution and the enzyme may be
added at different times. In one aspect, the first reaction solution of one reaction solution group is
added in the reaction first, and then the enzyme solution i1s added. Next, the second reaction
solution in the same reaction solution group is added, and then the enzyme solution is added.

{66177]  Inany of the foregoing embodiments, the fluorophores having fluorescence
switching property can comprise a fluorophore comprising a group such as methyl fluorescen,
halogenated methyl fluorescein, DDAQ (7-hydroxy-9H-(1,3-dichloro-9,9-dimethylacridin-2-one))
and/or resorufin.

{00178] In any of the foregoing embodiments, the releasing the fluorophores on the
nucleotide substrate with fluorophores having fluorescence switching property can be optimized, for
example, using an enzyme. In one aspect, the optimization comprises releasing the fluorophores
substituted by a polyphosphoric acid using DNA polymerase first, and then excising the substituting
polyphosphoric acid using the phosphatase, to release the fluorophores.

{08179} In any of the foregoing emnbodiments, the reaction solution can comprise two or
more nucleotides with different bases. In one aspect, two or more reaction solutions may be used,
so that each of the reaction solutions comprises one or more nucleotides. The order in which the
reaction solutions are added n the reaction may be adjusted appropriately, and n one aspect, at
least one reaction solution comprises two or three nucleotides with different bases.

[B01806] Also provided herein 1s a high-throughput sequencing method according to any of
foregomg embodiments, wherein the sequencing reaction 1s conducted on a chip which has several
reaction chambers. In one aspect, the method comprises immobilizing a nucleotide sequence
fragment to be tested 1n each reaction chamber.

[06181] In one aspect, the present disclosure relates to a sequencing method, e.g., using
mixed nucleotide molecules. More specifically, it is a sequencing method by using modified (e.g.,
modified by phosphate) mixed nucleotide molecules with fluorophores. In addition, the present
disclosure also relates to a sequencing method based on fluorophores having fluorescence swiiching
property. The sequencing of the fluorophores having fluorescence switching property is achieved
by using the nucleotide substrate labeled with the terminal phosphate. The substrate with
fluorophores having fluorescence switching property are the fluorophores having fluorescence

switching property modified by 5' end polyphosphate or intermediate phosphate, characterized by
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modifyving the fluorophores having fluorescence switching property on the terminal phosphate or
mtermediate phosphate of 4, 5, 6 or more phosphate deoxyribonuclestides (including A, C, G, T, U
and other nucleotides), and there is no label on the base and 3'-hydroxyl. The absorption spectra
and/or emission spectra of this fluorophore modified by phosphate are different from those
disengaged from the phosphate. The sequencing reaction typically comprises continuous and
stmilar cycles. Each cycle may comprise such steps like sample injection/application, reaction,
signal acquisition, and cleaning unreacted reactant molecules. In the method reported previously,
when one substrate molecule with base enters, no reaction will occur if 1t 1s not correctly paired; and
the polymerase will connect the substrate molecule to the 3' end, and release the fluorescence
molecules modified by polyphosphoric acid, and the fluorescent spectra will change. If paired with
homopolymer continuously, the spectra will change in multiple. In practice, fluorophores having
fluorescence switching property are often used, without absorption in the terminal phosphate and
whose releasing state is high quantum vield, as the modification label of the substrate molecules,
such as methyl fluorescein, halogenated methy! fluorescein, DDDAQ, resorufin, and fluorescent
molecules involved in CN104844674 and so on. Four kinds of substrate molecules may be labeled
with different fluorescence molecules. The sequencing process 1s performed by sample injection
through ACGTACGT ... or any cyching or non-cycling injection process, using the reaction solution
contaming substrate molecules i a himited pertod, to obtain the extended information of each cycle
and then obtan the DNA sequence.

{B3182] In one aspect, the present disclosure relates to a sequencing method of multiple
nucleotides. More specifically, it ts a sequencing method by using phosphate to modify mixed
nucleotide molecules with fluorophores. The sequencing is achieved by modifying 5" end or
mtermediate phosphate of the nucleotide substrate molecules with fluorophores; each round of
sequencing uses one reaction solution group, each reaction solution group includes two reaction
solutions, and each reaction solution includes two nucleotides with different bases; wherein the
nucleotide in one reaction solution is complementary with two bases on the nucleotide sequence to
be tested, and the nucleotide in the other reaction solution is complementary with the other two
bases on the nucleotide sequence to be tested; first, fix the nucleotide sequence fragment to be
tested, and let in the first reaction solution in one reaction solution group; test and record the

fluorescent information; and then, let in the second reaction solution of the same reaction solution
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eroup; test and record the flusrescent information as well; and add the two reaction solutions
circularly, and obtain the coded mformation of the nucleotide substrate to be tested through the
fluorescent information.

{80183] In some embodiments, the reaction solution in the present disclosure refers to the
sequencing reaction solution 1n general sense. The auxibiary solution like other cleaning or washing
solutions is allowed to enter the clearance between reaction solutions. In one aspect, each of the
reaction solution includes two nucleotides with different bases, which may be labeled with different
or the same fluorophores. In one aspect, the sequencing 1s achieved by modifying 5 end or an
mtermediate phosphate of the nucleotide substrate molecules with fluorophores having fluorescence
switching property; the fluorescence switching property refers to that the fluorescence signal after
sequencing s significantly changed compared to the condition before the sequencing reaction.

[00184] In one aspect, the fluorescence switching property refers to that the fluorescence
signal after sequencing 1s significantly enhanced (or increased) compared to the condition before the
sequencing reaction. The frequency of tis enussion hights will probably change, but the overall
intensity of enission lights or the intensity of emussion lights in a certain frequency band will be
significantly enhanced.

[B0185] In one aspect, the present disclosure relates to a sequencing method using nucleotide
molecules with fluorophores having fluorescence switching property, wherein the sequencing 1
achieved by modifying 5° end or intermediate phosphate of the nucleotide substrate molecules with
fluorophores having fluorescence switching property; the fluorescence switching property refers to
that the intensity of fluorescence signal after sequencing 1s significantly enhanced compared to the
condition before the sequencing reaction; each round of sequencing uses one reaction solution
group, each reaction solution group includes two reaction solutions, and each reaction solution
includes two nuclectide substrate molecules with different bases: wherein the nucleotide in one
reaction solution is complementary with two bases on the nucleotide sequence to be tested, and the
nucleotide in the other reaction solution 1s complementary with the other two bases on the
nucleotide sequence to be tested. First, one can fix the nucleotide sequence fragment to be tested in
the reaction chamber, and let in the first reaction solution in one reaction solution group; then
release the fluorophores on the nucleotide substrate using enzymes to cause fluorescence switching;

and then, let in the second reaction solution of the same reaction solution group; release the
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fluorophores on the nuclectide substrate using enzymes to cause fluorescence switching; add the
two reaction solutions circularly, and obtain the coded information of the nucleotide substrate to be
tested through the fluorescent information.

{80186] In one aspect, the present disclosure relates to a sequencing method using nuclestide
molecules with fluorophores having fluorescence switching property, wherein the sequencing is
achieved by modifying 5° end or intermediate phosphate of the nucleotide substrate molecules with
fluorophores having fluorescence switching property; the fluorescence switching property refers to
that the intensity of fluorescence signal after sequencing is significantly enhanced compared to the
condition before the sequencing reaction; each round of sequencing uses one reaction solution
group, each reaction solution group includes at least two reaction solutions, and each reaction
solution 1ncludes at least one of A, GG, C or T nucleotide substrate molecule, oroneof A, G, Cor U
nucleotide substrate molecule. In one aspect, one can first fix the nucleotide sequence fragment to
be tested in the reaction chamber, and let in one reaction solution n one reaction solution group;
test and record the fluorescent mformation; let tn one reaction solution each tume, and let in the
other reaction solutions in the same reaction solution group in sequence. At the same time, one can
teat and record the fluorescent information after each reaction solution 1s let in, wherein there 1s at
ieast one reaction solution ncluding two or three nucleotide molecules in the reaction solution
group.

{B0187] In one aspect, the present disclosure relates to a sequencing method using nucleotide
molecules with fluorophores having fluorescence switching property, wherein the sequencing 1s
achieved by modifying 5° end or intermediate phosphate of the nucleotide substrate molecules with
fluorophores having fluorescence switching property; the flucrescence switching property refers to
that the intensity of fluorescence signal after sequencing is significantly enhanced compared to the
condition before the sequencing reaction; each round of sequencing uses one reaction solution
group, each reaction solution group includes at least two reaction solutions, and each reaction
sofution includes any of A, G, C or T nucleotide substrate molecule, orany of A, G, Cor U
nucleotide substrate molecule. In one aspect, one can first fix the nucleotide sequence fragment to
be tested in the reaction chamber, and let in one reaction solution in one reaction solution group;

test and record the fluorescent information; let in one reaction solution each time, and let in the
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other reaction solutions in the same reaction solution group in sequence. At the same time, one can
test and record the fluorescent information after each reaction solution is let in.

{6G188] In one aspect, the present disclosure relates to a sequencing method using nucleotide
molecules with fluorophores having fluorescence switching property, wherein the sequencing is
achieved by modifying 5” end or intermediate phosphate of the nucleotide substrate molecules with
fluorophores having fluorescence switching property; the fluorescence switching property refers to
that the intensity of fluorescence signal after sequencing is significantly enhanced compared to the
condition before the sequencing reaction; each round of sequencing uses one reaction solution
eroup, and the reaction solution includes A, G, C and T nucleotide substrate molecules, or A, G, C
and U nucleotide substrate molecules. In one aspect, one can fix the nucleotide sequence fragment
1o be tested in the reaction chamber, and let in the reaction solution, and then test and record the
fluorescent information.

{00189] In one aspect, the method comprises removing the residual reaction solution and
fluorescence molecules with a cleaning solution, and then proceeding with the next round of
sequencing reaction. In one aspect, the method comprises delivering the reaction solution at a low
temperature, and then heating 1t to the enzyme reaction temperature, and testing the fluorescence
signal. In one aspect, after the reaction solution 1s let in, the method comprises closing the reaction
chamber, and then testing and recording the fluorescent information.

{80186] In one aspect, after the reaction solution 1s let in, the method comprises filling the
space outside the reaction chamber with o1 to insulate and close the reaction chamber. In one
aspect, the nucleotide substrate molecules of polyphosphoric acid refer to a nucleotide with 4 to 8
phosphoric acid molecules. In one aspect, the modified nucleotide substrate molecules with
fluorophores may be labeled with one fluorescence group for monochrome sequencing, or with
different fluorescence groups for multiple-color sequencing.

[06191] In one aspect, the method comprises the following steps: releasing the fluorophores
on the nucleotide substrate with fluorophores having fluorescence swiiching property using an
enzyme, such as a DNA polymerase and/or alkaline phosphatase. In one aspect, the two bases on
the nucleotide sequence to be tested refer to any two of A, G, Cand T hasesorof A, G, Cand U
bases, wherein base C 15 methylated C or non-methylated C. In one aspect, when the reaction

solution is let into the reaction area where the gene segment to be tested is located, an enzyme in the
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reaction solution can release the fluorophores on the nucleotide substrate with fluorophores having
fluorescence switching property. In one aspect, the method comprises conducting one round of
sequencing using one reaction solution group, and obtaining degenerate code results. In one aspect,
the method comprises conducting two rounds of sequencing using two reaction solution groups, and
obtaining base sequence information. In one aspect, the method comprises using three reaction
solutions to conduct three rounds of sequencing, and performing the error checking and correction
using the mutual information among the three rounds of sequencing based on the results of the two
rounds of sequencing.

{80192] In one aspect, the present disclosure relates to a sequencing method of mixed
nucleotide molecules. More specifically, it 1s a sequencing method by using phosphate to modify
mixed nucleotide molecules with fluorophores. Compared to the sequencing method of the mixed
nucleotide not modified by phosphate, this method is easy for hydrolysis, and no other groups are
introduced after completion of the reaction, which 15 conducive to extend the sequencing reaction,
and the sequencing reaction is simple.

[#6193] In one aspect, the present disclosure relates to a sequencing method of mixed
nucleotide molecules, by using 5° end polyphosphoric acid to modify nucleotide substrate molecules
with flusrophores having fluorescence switching property. In one aspect, the method comprises
first fixing the nucleotide sequence fragment to be tested, and letting in the reaction solution
contaimng nucleotide substrate molecules. In one aspect, the method comprises releasing
fluorophores on the nuclectide substrate using enzymes to cause fluorescence switching. In one
aspect, the method comprises removing the residual reaction solution and fluorescence molecules
with a cleaning solution, and then proceeding with the next round of sequencing reaction.

160194] In a further embodiment, the present disclosure combines the fluorescence switching
sequencing and the mixed nucleotide molecules sequencing, achieving unexpected effects. For
example, providing charactenistics of data redundancy and checking to the mixed nucleotide
molecules sequencing with fluorescence switching improves the accuracy of the sequencing data.
Besides, the 3' end-closure sequencing enables that no real-tume information acquisition 18 required
i the sequence reaction, enhancing the accuracy of signals. Independent of the sequencing
chemistry #tself, it may be matched with different sequencing chemustries. Further, the 2 + 2 mode

{(the sequencing mode with two bases entering each time) with the fluorescence switching property
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has obvious advantages compared to other mixed nuclestide molecules sequencing. For example,
the data analysis 1s relatively easy, and the characteristics of data redundancy and checking are
provided as well. The special signal acquisition method and efficiency enable it has a great
prospect in gene sequencing direction. The multiple-base sequencing with fluorescence swiiching
has a reduced error rate compared to the mixed nucleotide molecules sequencing without
fluorescence switching, and simplifies the reaction. The mixed nucleotide molecules sequencing
method with fluorescence switching method of the present disclosure has the sequencing accuracy
up to 99.99 percent, exceeding the read of Illumina sequencing by reaching 300nt or more, and the
cost of raw materials are very low. [t adopts the method of first reaction and then scanning, without
no-flux limit. It requires a short ttme for single round of reaction, and can achieve the quick test.
The use of the fluorescence switching and multiple nucleotide molecules nmuxed sequencing strategy
can extend the sequence read and information amount of each reaction cycle. For example, the
THumuna sequencing has the read of Int (1 base), and information amount of 2bit in each reaction
cycle. The 2 + 2 (two nucleotide molecules with different bases enter each time, and a total of two
reaction solutions are used) monochrome sequencing had the read of 2nt and the information
amount of 2bit it each reaction cycle. In one aspect, the 2 + 2 double-color sequencing has the read
of 2ot and the information amount of 3.4bit 1n each reaction cycle.

{B01953] In some aspects, provided herein are fluorescence generation and fluorescence
generation fluorophores. Some fluorophores have charactenistic of fluorescence spectroscopy
{absorption and reflection spectra) changing when any change occurs n the substituent group,
which 13 called fluorescence switching. In one aspect, 1if the intensity of acquired signals rises under
specific excitation and acquisition {emission) conditions 1t 1s called flucrescence generation.

[06196] In some aspects, provided herein are nucleotide and nucleotide labels. In one aspect,
the nucleotide molecule consists of ribose backbone, base molecule in ghucoside position, and
polyphosphate strand connected to S-hydroxy of ribose backbone. 2 of ribose may connected with
hydroxy! (becoming ribonucleotide), or only connected with H (calied as deoxyribonucleotide).
Nucleotide molecules may be the main bases in 4: ACGT, uracil, and modified base such as
methylated base, hydroxymethylated base, efc. The number of phosphate backbones may be 1 to 8.

It may modify molecular group in multiple locations. On the base, there may be one or more
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modification positions on 3C hydroxyl of the ribose backbone. For example, fluorophore is
modified on the phosphate, and the ethynyl 1s modified on 3C.

{66197]  In one aspect, the polyphosphate nucleotide substrate not modified on 3C (more than
3 phosphates) has 3 active hydroxyls when the strand reaction of polymerase occurs. In one aspect,
as fong as the subsequent bases can still be paired, the polymerase reaction will continue until there
1s lack of paired bases or 3C non-hydroxyl nucleotide molecules are combimed. In some aspects,
provided herein are fluorescence-generating nucleotides. In one aspect, the nucleotide molecules
are on the phosphate terminal and labeled with fluorescence generation fluorophores that may be
switched by the phosphate hydrolytic process, referred to as fluorescence generation {(or
fluorescence-generating) nucleotide. The length of phosphate strand may be 4 to 8.

{80198] In one aspect, the phosphate may be on the terminal or the side strand. The number
of labels may be one or more. When there are multiple labels, they may be the same or different.
More precisely, in one aspect, it 1s called polymerase fluorescence generation nucleotides. In
another aspect, a fluorescence generation nucleotide which 1s not labeled 1n a phosphate position
and does not need the fluorescence generation of polymerase may also be used. Nucleotide
molecules may be ribonucleotide, deoxyribonucleotide, or {deoxy} ribonucleotide modified on 3'C.

{80199] In some aspects, provided herein are fluorescence generation nucleotide polymerase
reactions. In one aspect, the reaction uses fluorescence generation nucleotide, nucleic acid
polymerase {DNA polymerase}, phosphatase, together with nucleic acid substrate. In some
embodiments, first, the BNA polymerase polymerizes the fluorescence generation nucleotide mto
the nucleic acid substrate to release the phosphorvlated fluorescence generation fluorophores, and
then, 1t will further be hydrolyzed to remove the phosphatase and release the fluorescence
generation fluorophores with the fluorescence state changed.

{602068]  In some aspects, provided herein s fluorescence generation sequencing method. In
one aspect, the method is to obtain the information about the polymerase reaction by fluorescence
generation nuclectide polymerase reaction to test the fluorescence change of the fluorescence
generation fluorophores (light intensity and spectrum). In some aspects, provided herein are
sequencing reaction solutions for fluorescence generation, which may include fluorescence

generation nucleotide, nucleic acid polymerase (DNA polymerase) and phosphatase.
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{60261]  As used herein, a “fluorescence generation nucleotide” may comprise one or more
fluorescence generation nucleotides. As used herein, a “nucleotide” may comprise one or more
nucleotides. In some embodiments, multiple nucleotides can be labeled with the same or different
fluorescence generation substrates. In some aspects, provided herein is a set of fluorescence
generation sequencing reaction solutions, which may comprise two or more fluorescence generation
sequencing reaction solutions, for example, including A, C, G and T reaction solution with specific
concentrations, or including AC and GT reaction solutions with specific concentrations.

{00262] In some aspects, provided herein is a fluorescent sequencing reaction cycle, which
may comprise using one sequencing reaction solution to perform one fluorescence generation
polymerase reaction and test the fluorescence signal. In some aspects, provided herein 1s a round of
fluorescence generation sequencing reaction, which may comprise using the members of a
fluorescence generation sequencing reaction solution group in determined sequence to perform
sequencing reactions of a cycle. In some aspects, provided herein s a group of tluorescence
generation sequencing reactions, which may comprise one or more rounds of fluorescence
generation sequencing,

[86283]  In some aspects, provided herein is a single-base resolution sequencing reaction. In
one aspect, one way 13 {2 + 2 monochrome two sets), the first reaction solution 1s made by mixing
two bases {e.g., AC), and the second reaction solution 1s made by mixing the other two bases {(GT),
and the two reaction solutions are alternately used for sequencing. Then, the number of extended
bases in every cycle will be increased. After N cycles of sequencing, the number of extended bases
will be 2N nt. The carrted information ts 2N bit. There will be three combmations completing the
sequencing above, namely, AC/GT, AG/CT, and AT/CG; or write them as M/K, R/Y, and W/S as
per the standard degenerate bases (degenerate nuclectide) identification. The three combinations
can be sequenced separately, or re-sequenced after one set of sequencing is completed. The i base
determined on the DNA sequence must be subject to the pairing reaction in some unique cycle of

two sets of sequencing

o0

and release signals. In each set of sequencing, the determined sampling
mnjection cvcles of bases includes two types, so there will be a total of 2 x 2 = 4 possible situations,
which just correspond to four bases. The sequence of sequencing combinations cannot affect the
deduction of bases.

Table 1
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Possible conditions
Sampling cycle of bases 1 2 3 4
Sequencing with MK | M{AC) M (AC) KAGT) | K{GTD)
combination
Sequencing with RY | R (AG) YA{CT} R{AG) | Y{CT)
combination
Inferred bases A C G T
Table 2
Possible conditions
Sampling cycle of bases 1 2 3 4
Sequencing with MK combination | M{AC) | M({AC) | K(GT) | K(GT)
Sequencing with WS combination | W (AT) S{(CG) S(CG) | W{AT)
Inferred bases A C G T
Table 3
Possible conditions
Sampling cycle of bases 1 2 3 4
Sequencing with RY combination | R (AG) Y{(CT) R{AG) | Y(CT)
Sequencing with WS combination | W (AT) S{CG) S{CGH) | W{AD
Inferred bases A C G T

{00264] In further implementation, the method further comprises conducting the sequencing
using the third set of different reaction solution combinations after two sets of different sequencing
are completed. The i base determined on the DNA sequence must be subject to the pairing
reaction in the unique cycle of three sets of sequencing, and release signals. In each set of
sequencing, the determined sampling 1inyection cycles of bases includes two types, so there will be a
total of 2 x 2 x 2= 8 possible situations, of which, four are reasonable and the other four are non-
reasonable. In a fluorescence switching sequencing, insertion or loss errors are likely to occur. For
one base, if any sequencing error occurs in one of the three sets of sequencing, then the sequence
cannot be deducted correctly, and it can be concluded that one or more of the three sets of

sequencing must have error at this pomnt.

Table 4
Possible conditions
Cycles of bases 1 2 3 4 5 6 7 3
Sequencing with | M M K K M M K KAGT)
MK combination (AC) 1{(AC) (G { (G | (AC) (A (G
Sequencing with | R Y R Y R Y R YACTY
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RY combination (AG) [(CT) AG) 1 (ICD | (AG) 1 ICTD | (AG)
Sequencing with | W S 8 W S W W S{CG)
WS combination (ATy 1 {(CG) L (CGY (AT [ (CG) (AT | {AD)

Inferred bases A C G T Error | Error | Error | Error

{60265]  Thus kind of error may be corrected since when the sequencing error in a single set of
data 15 corrected, a large number of subsequent errors will be corrected as the same time.

{06286]  Another specific implementation ways is 2 + 2 double-color and double round mode.
The first reaction solution is made by mixture of two bases, carrving different fluorescent labels (e g.
AX/CY}, and the second reaction solution is made by the mixtare of the other two bases (GX/
TY). In this case, the extended bases in every cycle will become more, with the average of 2nt. And

the carried information is 2N bit.
§if. Methods of Detecting and/or Correcting Sequencing Errors

{0G267]  In one aspect, the present disclosure relates to a method to detect and/or correct one
or more sequence data errors in a sequencing result, and belongs to the nucleic acid sequencing field.
{GG268]  In one aspect, the present disclosure provides a method to detect and/or correct the

sequence data error in the sequencing resufts. In one aspect, the sequencing reaction solution
comprises at least two types of nucleotide substrate molecules with different bases. In one aspect, a
degenerate gene encoding information may be obtained. By comparing two or more degenerate
coding information, a determination can be made as to whether conflicting sequence information
appears in one or more nucleotide residues. Using the present method to correct the sequence
information, any minor improvement that can decrease the sequencing error rate in the raw
sequencing data can lead to a more remarkable decrease in the error rate of the corrected sequence
information.

[86269] In one aspect, disclosed heren 1s a method to detect and/or correct a sequence data
error in a sequencing result. In one aspect, the method comprises conducting sequencing on a
nucleic acid sequence to obtan the sequence data of three or more orthogonal nucleotide degenerate
sequences. In another aspect, the method further comprises detecting an error n the sequence by
comparing the three or more orthogonal nucleotide degenerate sequences. In one aspect, a corrected
sequence 1s obtained by modifying at least one sequence at a position where the error 1s found

during comparison.
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{60218]  Also disclosed herein 1s a method to detect and/or correct a sequence data error in a
sequencing result, wherein the method comprises conducting a sequencing reaction on a nuclestide
sequence to obtain three or more degenerate sequences expressed with the letters of M, K, R Y, W,
8, B, D, H and V. In one aspect, according to the nucleic acid notation of IUPAC, the letters in
Table 5 are used to express the degenerate bases in the present disclosure. For example, M

represents A and/or C bases.

Table §: Letters representing degenerate bases.
Letter Represented Bases
M AC
K GT
R AG
Y CT
W AT
S CG
B CGT
D AGT
H ACT
A% ACG

{86211] Inany of the preceding embodiments, the sequence error may be detected by
comparing the three or more degenerate sequences. In any of the preceding embodiments, the
corrected sequence may be obtained by modifying at least one sequence at a nucleotide position
where the error 15 1dentified during comparison. In any of the preceding embodiments, where the
error 1s identified during comparison can be where a sequencing error actually occurs.

[B6212] In one other aspect, disclosed herein 13 a method to detect and/or correct a sequence
data error in a sequencing result, wherein the method comprises conducting sequencing on the same
nucleic acid sequence to obtain two or more degenerate sequences expressed with the letters M, K|
R, Y, W, S, B, D H, and V, in order to obtain sequence information expressed m nucleic acid
residues A, G, T, and C, or sequence information expressed in nucleic acid residues A, G, U, and C.
In another aspect, the method further comprises detecting the sequence error by using a hght or
electric signal resulted from one or more functional groups coupled to different bases in the
sequencing reaction. For example, the light or electric signal from different fluorescent groups
coupled to different bases in the sequencing reaction may be used as the “redundant” information

that distinguishes one base from another at a particular position in the sequence. Inany of the
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preceding embodiments, a corrected sequence may be obtained by modifying at least one sequence
at a nucleotide position where the error 1s found during comparison. In any of the preceding
embodiments, where the error 1s identified during comparison can be where a sequencing error
actually occurs.

{66213]  In a further aspect, disclosed herein 1s a method for detecting and/or correcting a
Sequencing efror in a sequencing result, using the memorability of a nucleic acid sequence. In one
aspect, the method comprises conducting sequencing on the same nucleic acid sequence to obtain
the data of three or more orthogonal nucleic acid degenerate sequences. In another aspect, the
method further comprises comparing the degenerate sequences comprehensively, and detecting the
sequence error using the memorability of the nucleic acid sequences. In one aspect, a corrected
sequence may be obtained by modifving at least one sequence i a position where the error 15 found
during comparison. In some embodiments, each of the degenerate sequences only represents part of
sequence information of the actual polynucleotide template, and the nucleotide identity at a position
of one degenerate sequence cannot or do not necessarly indicate the nucleotide identity at the same
position of another degenerate sequence.

{86214] Tn one aspect, disclosed heremn 1s a method to detect and/or correct a sequence data
error 11 a sequencing result, wherein the method comprises fixing a nucleic acid fragment whose
sequence is to be determined onto a support, and providing a reaction solution to cause a sequencing
reaction from which a degenerate nucleic acid sequence 13 obtained. The sequencing reaction can
be repeated multiple rounds so that a degenerate nucleic acid sequence 15 obtained from each round
of sequencing. After N rounds of sequencing, N degenerate nucleic acid sequences may be
obtained. In one aspect, the position where the sequence error occurs may be detected by
comparing the N degenerate sequences comprehensively. In one aspect, the method may further
comprise obtaining a corrected sequence by modifying at least one sequence mn a posttion where an
error is found during comparison. In any of the preceding embodiments, the reaction solution may
comprise two or more types of nucleotide substrate molecules with different bases. In any of the
preceding embodiments, N can be a posttive integer equal to or greater than 2.

{60215] In any of the preceding embodiments, the method can comprise comparing {(N-1} of
the N degenerate nucleic acid sequences to obtain a nucleic acid sequence information coded with A,

G, T, and C, or a nucleic acid sequence information coded with A, G, U, and C. In one aspect, the
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method further comprises comparing the N degenerate nucleic acid sequences. In any of the
preceding embodiments, N can be a posttive integer equal to or greater than 3.

{66216]  In any of the preceding embodiments, the method can comprise comparing the N
degenerate nucleic acid sequences to obtain a nucleic acid sequence mformation coded with A, G, T,
and C, or a nucleic acid sequence information coded with A, G, U, and C. In one aspect, the
method further comprises detecting the position where the error occurs by using a light and/or
electromagnetic information provided by two or more functional groups coupled to the nucleotide
residues. In any of the preceding embodiments, N can be a positive integer equal to or greater than
2.

{86217] In another aspect, disclosed herein 1s a method to detect and/or correct a sequence
data error i a sequencing result, wherein the method comprises fixing a nucleic acid fragment to be
tested on a support. In one aspect, the method further comprises providing a reaction solution to
cause a sequencing reaction, wherein the reaction solution comprises nucleotide substrate molecules
used for sequencing and 1s divided into three groups according to different bases, each group
comprising two different reaction solutions, and each reaction solution comprising nucleotide
substrate molecules with different bases. In one aspect, there is no intersection between the bases of
the nucleotides 10 the two reaction solutions within the same group of reaction solution. In one
aspect, each round of sequencing uses one reaction solution group, and the two reaction solutions of
each group 15 provided to react with the nucleic acid template sequentially n any suitable order. In
one aspect, three rounds of sequencing are conducted using the three groups of reaction solutions to
obtain three degenerate sequences. In a further aspect, the position where the sequence error occurs
may be detected by comparing the three degenerate sequences comprehensively. In one
embodiment, the correcied sequence may be obtained by modifying at least one sequence in a
position where the error is found during comparison.

[60218] In any of the foregoing embodiments, the sequencing reaction can be achieved by
using a nucleotide substrate molecule (such as a ANTP or ddNTP) modified with a flusrophore
having a fluorescence switching property, wherein the modification is at a $°-end polyphosphoric
acid group of the nucleotide substrate molecule. In one aspect, the fluorescence switching property
can refer to that the fluorescence signal after sequencing is significantly changed compared to the

condition before the sequencing reaction. In another aspect, the fluorescence switching occurs after
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the polymerase-catalyzed incorporation of the nucleotide substrate into the extending primer. In
one aspect, the nucleotide sequence fragment to be determined is fixed on a support, and thena
reaction solution comprising a nucleotide substrate molecule s provided to react to react with the
template nucleotide sequence fragment. In one aspect, an enzyme is then used to release a
fluorescence group from the nuclectide substrate incorporated into the extending primer (and the
duplex polymerase extension product), to cause fluorescence switching.

{80219] In one aspect, the fluorescence signals can be significantly enhanced or weakened
after each step of a sequencing reaction, or the frequency of the emission light 1s significantly can
be changed compared to the conditions before the sequencing reaction.

[00228] In any of the preceding embodiments, the sequence error may comprise an insertion
and/or a deletion. In any of the preceding embodiments, the sequence data error may be considered
to have occurred at a particular position when at least two degenerate nucleic acid sequences do not
have a common base at that position.

{00221} In any of the preceding embodiments, correcting a sequence error may comprise
correcting a nucleotide residue of at least one sequence, so that the corrected sequence has the
correct nucleotide residue(s) 10 at least one position following the corrected nucleotide residue. In
one aspect, a nucleotide residue 15 correct if the nucleic acid sequence mformation of any two
rounds of sequences determined 1n the same nucleotide residue position 18 not inconsistent with the
nucleic acid sequence information of another round of sequencing,

{86222] In any of the preceding embodiments, correcting a sequence error may comprise
correcting an error of at least one sequence, so that a common nucleotide residue in at least one
position of the sequence may be obtained through a comparison of the sequence information from
the multiple rounds of sequencing.

{0G223]  In any of the preceding embodiments, correcting a sequence error may comprise
extending {e.g., by mserting a nucleic acid residue at a position where an error 1s believed to have
occurred) and/or shortening {e.g., by deleting a nucleic acid residue at a position where an error is
believed to have occurred) the sequence representing the nucleic acid sequence information from
the multiple rounds of sequencing. In one aspect, by extending and/or shortening at least one
sequence from the multiple rounds of sequencing, the corrected sequence will be consistent with

sequence(s} from the other rounds 1n at least one nucleotide residue position.
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{60224] In any of the preceding embodiments, the memorability of a nucleic acid sequence
can refer to that in the sequencing resuits, the nucleic acid sequence information at a particular
position not only relates to the nucleotide residue n 1ts corresponding nucleic acid in the template,
but aiso relates to the sequence information before it

{60225]  Inany of the preceding embodiments, a sequence in the sequencing signals can be
extended {e.g., by inserting a nucleic acid residue at a position where an error is believed to have
occurred) by a certain length to obtain a corrected nucleic acid sequence using sequencing signals
from the other two rounds of sequencing. In any of the preceding embodiments, a sequence in the
sequencing signals can be shortened (e.g., by deleting a nucleic acid residue at a position where an
error 1s believed to have occurred) by a certain length to obtain a corrected nucleic acid sequence
using sequencing signals from the other two rounds of sequencing.

[86226] In any of the preceding embodiments, the reaction solution can be divided mnto three
groups according to different bases, wherein the base comprises A, G, C, and T bases, or A, G, C,
and U bases. In any of the preceding embodiments, the bases may be methylated,
hydroxymethylated, or modified with an aldehyde group or a carboxylic group, or non-methylated,
non-hydroxymethylated, or not modified with an aldehyde group or a carboxylic group.

[86227] In any of the preceding embodiments, the nucleotide substrate reaction solution can
comprise different bases, which may be divided into two reaction solutions according to different
bases, for example, A + G 1n one reaction solution and C + T 1n the other reaction solution; A +Cin
one reaction solution and G + T in the other reaction solution; or A + T in one reaction solution and
C + G m the other reaction solution.

{0G228] In any of the preceding embodiments, the reaction solutions can comprise multiple
reaction solutions, and one reaction solution can be used for a sequencing reaction. In one aspect,
each round of sequencing uses one of more reaction solutions. In another aspect, at least one
reaction solution comprises two or more types of nucleotide substrate molecules with different
bases. Inany of the preceding embodiments, the reaction solutions used in different rounds of
sequencing comprise different combinations of nucleotide substrate molecules.

{00229] In any of the preceding embodiments, the nucleotide substrate molecules may be
iabeled by fluorescence. In one aspect, a fluorescent group {or a functional group which will have

fluorescence alternation through a chemical reaction) is coupled to a base of the nucleotide residue.
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In one aspect, the nucleotide substrate molecules may be modified using one of the fluorophores or
functional groups, or the nucleotide substrate molecules may be modified with different bases using
multiple fluorophores or functional groups.

180238]  As people have more in-depth understanding on genes in recent years, gene
sequencing has brought tremendous changes in medicine and biology. Conventional sequencing
methods include Sanger DNA, restriction fragment length polymorphism, single-strand
conformation polymorphism and gene chip-based allele-specific oligonucleotide hybridization
sequencing methods. It is inevitable that an error occurs in the sequencing results due to various
affecting factors in the sequencing process, such as inaccurate CD lighting, fluid movement,
arnbient light, miscellaneous DNA, error in the signal correction system or impure sequencing
reaction solution. As a genetic material, DNA stores the organism genetic information and this
feature also enables DNA to be used as a storage medium of general information. When DNA 1s
used to store information, it 1s required to encode the information into a DNA sequence, and then
read the information with the gene sequencing method. To avoid coding and / or reading errors, the
redundant information is often introduced 1n the encoding process, and 1t will be used to perform
signal correction in reading. For example, George Church ef al., “Next-Generation Digital
Information Storage in DNA,” Science, 2012, coded the information into DNA sequences using
Reed Solomon codes and read the information i the DNA sequences using the IHumina sequencing
platform. The DNA coding-reading technology 1s also used m the combinatorial chemistry and
other fields. In the previous BDNA encoding technology, the type of each base 13 usually not
associated with the bases m other positions (memoryless coding), or only associated with the bases
within its vicinity. The present disclosure provides a memory-based, distributed, orthogonal DNA
coding method, and the type of each base is associated with all the bases in the position in front of it
Besides, the method can effectively improve the accuracy of the coding-reading process through
decoding based on the comprehensive comparison of multiple groups of orthogonal codes.

{60231] In one aspect, the present disclosure provides a method to detect and/or correct the
coding error n the sequencing results, wherein the method comprises conducting sequencing on the
same nucleic acid sequence to obtain three or more orthogonal nucleotide degenerate sequences,

wherein the error in the sequence may be detected by comparing the three or more orthogonal
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nucleotide degenerate sequences, and wherein the corrected sequence may be obtained by
modifying at least one sequence m the position where the error is found during comparison.

{60232] In one aspect, the present disclosure provides a method to detect and/or correct the
code error in the sequencing results, wherein the method comprises conducting sequencing on the
same nucleic acid sequence to obtain three or more degenerate sequences expressed with the letters
of M, K, R, Y, W, 8 B, D, Hand V, wherein the error in the sequence may be detected by
comparing the three or more degenerate sequences, and wherein the corrected sequence may be
obtained by modifying at least one sequence in the position where the error is found during
comparison. In one aspect, the method applies to normal sequencing. In another aspect, as long as
the sequencing substrate 1s designed reasonably, three or more coding results may be obtained
through several rounds of sequencing, the redundancy of information therem may be used to detect
and/or correct the wrong codes.

[#6233] In one aspect, the present disclosure provides a method to detect and/or correct the
code error using the memorability of gene codes, wherein the method comprises conducting
sequencing on the same nucleic acid sequence to obtain two or more degenerate sequences
expressed with the letters of M, K, R, Y, W, 5§, B, B, H and V, or obtaining the nucleic acid
sequence information coded with A, G, T and C, or the nucleic acid sequence information coded
with A, G, U and C, wherein the sequence error may be detected by taking the light or electrical
signals caused by different functional groups which are connected with different bases in the
sequencing reaction as the redundant information, and wherein the corrected sequence may be
obtained by modifying at least one sequence i the position where the error 13 found during
COMPArison.

[86234] In one aspect, the present disclosure provides a method to detect and/or correct the
code error using the memorability of gene codes, wherem the method comprises conducting
sequencing on the same nucleic acid sequence to obtain three or more orthogonal nucleotide
degenerate sequences, and comparing the degenerate sequences comprehensively and detect the
sequence error using the memorability of the nucleic acid sequence, wherem the corrected sequence
may be obtained by modifying at least one sequence in the position where the error 1s found during

comparison, wherein in the degenerate sequences, each of the sequence signals represents part of
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gene sequence information, and wherein the signals in the same position in another degenerate
sequence cannot be presumed through the signals in one of such degenerate sequences.

{60235]  Inany of the preceding embodiments, the method can comprise fixing a nucleic acid
fragment to be tested onto a support, providing a reaction solution to cause a sequencing reaction so
that a degenerate nucleic acid sequence 1s obtained from each round of sequencing, wherein N
degenerate nucleic acid sequences may be obtained at least after N rounds of sequencing, wherein
the position where the sequence error occurs may be detected by comparing the N degenerate
sequences comprehensively, wherein the corrected sequence may be obtained by modifying at least
one sequence in the position where the error is found during comparison, wherein the reaction
solution can contain two or more types of nucleotide substrate molecules with different bases, and
wherein the N is a positive integer equal to or greater than 2.

[86236] In one aspect, the nucleic acid sequence information coded with A, G, Tand C, or
the nucleic acid sequence information coded with A, G, U and C may be obtained by comparing N-
1 degenerate nucleic acid sequences, and the position where the sequence error occurs may be
detected by comparing N degenerate nucletc acid sequences. The N can be a positive integer equal
to or greater than 3.

[86237]  In one aspect, the nucleic acid sequence information coded with A, G, Tand C, or
the nucleic acid sequence information coded with A, G, U and C may be obtaimned by comparing N
degenerate nucleic acid sequences, and the posttion where the sequence error occurs may be
detected by comparing N degenerate nucleic acid sequences. In one aspect, the position where the
error occurs may be detected using the hghting information provided by two or more functional
groups connected to the base, and the N 1s a posttive integer equal to or greater than 2. In another
aspect, the method comprises conducting the correction by taking the information change of the
base itself in the sequencing reaction of the information of the molecules like phosphate and
hydrogen ions released in the reaction process as the redundant information.

{0G238] In one aspect, the present disclosure provides a method to detect and/or correct the
code error in the sequencing results, wherein the method comprises fixing the nucleic acid fragment
to be tested, providing the reaction solution to cause the sequencing reaction, wherein the reaction
solution of nucleotide substrate molecules used for sequencing is divided into three groups

according to different hases, each group comprising two different reaction solutions, and each
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reaction solution comprising nucleotide substrate molecules with different bases. In one aspect,
there is no mtersection between the bases of nucleotides in the two reaction solutions. In another
aspect, each round of sequencing uses one reaction solution group, and the two reaction solutions of
each group is provided n alternation. In one aspect, the method comprises conducting three rounds
of sequencing using the three groups of reaction solutions to obtain three degenerate sequences, and
the position where the error occurs may be detected through the comprehensive comparison of the
three degenerate sequences, and the corrected sequence may be obtained by modifying at least one
sequence in the position where the error is found during comparison.

{80239] In one aspect, the reaction solution containing two different bases may be divided
into two reaction solutions; and the other steps of the method may be adjusted accordingly.

{80248] In one aspect, the reaction solutions may comprise multiple reaction solutions, and
one 1s used for each sequencing, wherein each round of sequencing uses one or more reaction
solutions, wherein at least one reaction solution contains two or more types of nucleotide substrate
molecules with different bases, and wherein the reaction solutions used in different rounds of
sequencing comprise different combinations of nucleotide substrate molecules.

{86241] Tn one aspect, the sequencing of the present disclosure comprises sequencing by
using 57-end polyphosphoric acid to modify nucleotide substrate molecules with fluorophores
having a fluorescence switching property, wherein the floorescence switching property refers to that
the fluorescence signal after sequencing 15 significantly changed compared to the condition before
the sequencing reaction, wheremn the nucleotide sequence fragment to be tested 1s first fixed ona
support, a reaction solution containing nucleotide substrate molecules 1s then provided, and the
fluorophores on the nuclectide substrate are then released using an enzyme to cause the
fluorescence switching.

{0G242] In one aspect, when reference 1s made to that “the fluorescence signals will be
changed significantly after sequencing than the condition before sequencing,” the fluorescence
signals will be significantly enhanced or weakened after each step of sequencing reaction, or the
frequency of the emission light 1s significantly changed compared to the condition before the
sequencing reaction.

{00243] In one aspect, the sequence error refers to an insertion error or deletion error. In

another aspect, the sequence data error refers to that it will be considered as an error occurs when at
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least two pieces of nucleic acid sequences do not represents the same base although they are in the
same position. In yet another aspect, the method comprises correcting the error of at least one
sequence, so that the subsequent sequences are correct at least in one position, wherein the
correctness of sequence refers to that the nucleic acid sequence information of any two rounds of
sequences determined in the same position 1S not inconsistent with the nucleic acid sequence
nformation of another round of sequence, or alternatively, the nucleic acid sequence mformation of
any two rounds of sequences expressed in the same position 1s not inconsistent with the lighting
mnformation provided by the functional groups connected to the bases or the mformation in another
SeqUencing process.

{00244] In one aspect, the method comprises correcting sequence by correcting the error of at
least one sequence, 50 that the common base may be obtained through the comprehensive
comparison of the sequences 1 at least one position.

[60245] In one aspect, by modifying at least one sequence, a corrected sequence may be
obtained by extending or shortening the sequence representing the nucleic acid sequence
information in the posttion where the error occurs, wherein the extending or shortening refers to the
merease or decrease of the length of the same detected sequence, wherem when the coding result in
this position 13 shortened or extended, the sequence mformation expressed by the code has no
change and the result 15 the same code. For example, when the signal mtensity of the degenerate
code M 1s 2, i.e., MM, 1t may be extended to 3, i.e., MMM,

{86246] In one aspect, the memorability of nucleic acid sequence refers to that in the
sequencing results, the nucleic acid sequence mformation in some position not only relates to the
sequence in its corresponding nucleic acid to be tested, but also relates to the sequence information
before it.

{0G247] In one aspect, by extending or shortening some sequencing signal at a position, the
gene sequence represented by this position is extended or shortened, in order to obtain the corrected
nucleic acid sequence using other two rounds of sequencing signals, wherein extending a
sequencing signal comprises adding or inserting into the gene sequence represented by this position
by a certain length, wherein shortening some sequencing signal comprises shortening or deleting the
gene sequence represented by this position by a certain length, and obtaining the corrected nucleic

actd sequence using other two rounds of sequencing signals.
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{60248] In one aspect, the reaction solutions are divided into three groups according to
different bases, wherein the base refers to A, G, C and T bases, or A, (&, C and U bases, and wherein
the bases may be methylated, hydroxymethylated, having an aldehyde or carboxylic base, or non-
methylated, non-hydroxymethylated, or having a non-aldehyde or non-carboxylic base.

{60249] In one aspect, the nucleotide substrate reaction solutions containing different bases
may be divided into two reaction solutions according to different bases.

[00256]  In one aspect, the nucleotide substrate molecules may be labeled by fluorescence. In
one aspect, the method comprises modifying the fluorophores or the functional groups which will
have fluorescence alternation through chemical reaction on the bases of nucleotide substrate
molecules. Tn another aspect, the nucleotide substrate molecules may be modified using one of the
fluorophores or functional groups, or the nucleotide substrate molecules may be modified with
different bases using multiple fluorophores or functional groups.

[B0251]  In one aspect, a group of degenerate gene sequence nformation may be obtained
through each round of sequencing. In one aspect, the degenerate gene sequence mformation refers
to containing possible gene sequence nformation. For example, when the reaction solution
contains nucieotide substrate molecules with A and G bases, the degenerate gene sequence
mformation obtained from sequencing contains the gene sequence information of C and/or T base in
the nucleotide sequence to be tested. When the reaction solution contains nucleotide substrate
molecules with A and T bases, the degenerate gene sequence mformation obtained from sequencing
contains the gene sequence information of C and/or G base in the nucleotide sequence to be tested.
When the reaction solution contains nuclectide substrate molecules with A and C bases, the
degenerate gene sequence information obtained from sequencing contains the gene sequence
mformation of C and/or T base m the nucleotide sequence to be tested. When the reaction solution
contains nucleotide substrate molecules with C and (3 bases, the gene sequence information
obtained from sequencing contains the gene sequence information of A and/or T base in the
nucleotide sequence to be tested. When the reaction solution contains nucleotide substrate
molecules with C and T bases, the gene sequence information obtained from sequencing contains
the gene sequence information of A and/or C base in the nucleotide sequence to be tested. And

when the reaction solution contains nucleotide substrate molecules with T and G bases, the gene
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sequence information obtained from sequencing contains the gene sequence information of C and/or
A base in the nucleotide sequence to be tested.

{60252] In one aspect, in the comprehensive comparison of the information of three rounds of
sequencing, if the gene sequence information represented by the signal of one round of sequencing
is a big error sequence signal, then the gene sequence information represented by this sequence
signal may be shortened, so that the comparison result of at least one sequencing signal thereafter is
correct.

{80253] In one aspect, in the comprehensive comparison of the information of three rounds of
sequencing, if the gene sequence information represented by the signal of one round of sequencing
15 a small error sequence signal, then a vacancy may be added in the gene sequence information
represented by this position, or extend the same so that the comparison result of at least one
sequencing signal thereafter 1s correct. For example, when the signal intensive of the degenerate
code M 1s 2, i.e., MM, it may be extended 10 3, i.e., MMM,

[60254] In one aspect, provided herein ts a method to detect and/or correct the error ina gene
sequencing coding result, and in particular for sequencing methods using one or more reaction
solutions comprising nuclectide substrate molecules with two or more bases. In a particular aspect,
the present method 1s applicable to SBS {sequencing by synthesis) methods for sequencing,

{86255] In one aspect, the degenerate gene sequence mformation herein comprises possible
gene sequence information for a given target (or template) sequence. For example, when the
reaction solution comprises nucleotide substrate molecules with A and G bases, the degenerate gene
sequence mformation obtained from sequencing comprises the gene sequence information of C
and/or T base in the nucleotide sequence to be tested. Suppose the intensity information obtained
from the sequencing reaction is 3, then it means the gene to be tested may contain three Cs and/or
Ts, such as three Cs, or three Ts, or one C and two Ts, or one T two Cs, and the exact relative
positions of the T(s} and/or C(s} cannot be distinguished based on the degenerate sequence. The
degenerate gene sequence information and the degenerate code are commonly used term of art.

{00256] In one aspect, the method described herein can detect and/or correct the error mn
sequencing, but it cannot completely eliminate the sequence errors. It 1s possible that a particular
position being modified in a sequence signal is not the actual position where a sequencing error has

occurred, but the probability is extremely low. The final accuracy may be further improved. For
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example, if putting the modified signals of MK, RY, and WS together, and the signals are modified
for two times out of N consecutive times, 1t will be considered that an error 1s most likely to have
occurred, and the corresponding sequence should be discarded. The N herein is a positive integer
equal to or greater than 2. The larger the N value is, the higher the probability that the sequence
should be discarded will be, and so is the final decoding rate. In one aspect, an optimized value of
N 1n the present disclosure is 3.

{00257] A DNA sequence is a co-polymer, for example, a DNA region comprising two
different deoxyribonucleotides, such as AAC and GGTG.

{00258] In one aspect, the method to detect and/or correct the sequence data error can detect
the position where the error occurs, and/or correct the sequence error,

[60259] In one aspect, in an actual sequencing process, the method comprises obtaining the
relative intensity value of an optical or other signal first through cycling sequencing reaction, and
such mtensity value may be expressed in a certain form. For example, M represents the information
of the position and quantity of the bases in this position {multiple bases are acceptable), and can
also express the degenerate gene coding results. Through decoding the relative intensity value of
enough amount of information, the gene sequence mformation to be tested may be obtamned.

[80266] In one aspect, dehivering or providing a reagent or a reaction solution means adding
the reagent or reaction solution to a volume, such as a reaction mix for a sequencing reaction. In
one aspect, three or more rounds of sequencing can be used. Alternatively, two or more rounds of
sequencing can be used. In one aspect, the sequencing signals are counted by times. The mntensity
mformation of signals 11 each time of sequencing can be recorded, and in some embodiments, the
mtensity information is 1deally the same as the length of the corresponding copolymer.

[06261] The sequencing signals can be counted by level, or by times a certain nucleotide 1
detected. For example, if the signal intensity is n, and the nucleotide added into the reaction
solution 1s X, then the sequencing result 1s expressed as XXX, . X, wherein the length of the
sequence is n nucleotides. For example, the sequencing signal in FIG. § when counted by times
can be converted into the sequencing signal counted by level as MMMKKEKKKMEKKKMME, or
written as (A/C, A/C, A/C, G/T, /T, G/'T, G/'F, G/'T, A/C, G/'T, G/T, G/T, A/C, A/C and G/T).

{00262] For example, the sequencing reaction solution containing dA4P and dC4P

{nucleotide with 4 phosphate groups and the end phosphate labeled with fluorescence groups) can
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be used at odd number times, and the sequencing reaction solution containing dG4P and dT4P can
be used at even number times. Refer to Table 6 below for a group of flusrescence signal values
obtamed after several times of reactions.

{80263] The fluorescence signal values related to the target DNA sequence may be obtained

5 using combination of nucleotide with other fluorescence labels. Possible combination examples are

as below:

M/K mode: dA4P and dC4P delivered for the odd-number times, and dG4P and dT4P delivered

for even-number times; or in reverse;

R/Y mode: dJA4P and dG4P delivered for the odd-number times, and dC4P and dT4P delivered

10 for even-number tirnes; or i reverse; and
W/S mode: dJA4P and dT4P delivered for the odd-number times, and dC4P and dT4P delivered

for even-number times; or i reverse.

Table 6
Monochrome
signal intensity 6
Sequence A A C|T T T G G|A|T T clc ¢|T

Round I - A+QC A A C 9

Rowmd2 “@+T A A C|T T T G @ 5

Rowndd asc A A C|T T T G G|A 1

Round4 wq+T A A C|T T T G G|A|[T T G 3

Rownd3 wpec A A C|T T T G G|lA|T T G|c ¢ 2

Rownd® et A A C|T T T 6 G|A|T T alc cfrT 1

15 {00264] The sequencing data obtained under three different nucleotide combinations as the

signals counted by level can be combined. For each position, the next step 1s to solve the

intersection of nucleotide types expressed by the three sequencing signals counted by level in this

position, to obtain the target DNA sequence. In one aspect, this is the basic principle for decoding

signals. For example, if the sequencing signals counted by times corresponding the combinations of
20 M/K, R/Y, and W/S are respectively (3, 5, 1,3, 2, 1), (2,4, 3,2, 1, 3yand (2, 1, 3, 2, 3, 3, 1}, then

the sequence may be concluded as AACTTTGGATTGCCT (SEQ ID NOG: 1),

[80265] In one aspect, the comprehensive comparison of the results of three rounds of
sequencing reactions comprises converting the chemiluminescence signals or other forms of

miensity signals into gene sequence information, and then, comparing the three rounds of
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sequencing results in the same base position. If the expressions of results obtained from the three
rounds of sequencing are consistent, it will be considered that the sequencing in this position 18
correct; if the gene sequence mformation expressed by the results obtained from the three rounds of
sequence 1s inconsistent, it will be considered the sequencing result in the base position 1s wrong.

{80266] In one aspect, if the sequence signal of a certain time counted by times is bigger or
smaller due to factors like inaccurate CCD lighting, fluid movement, ambient light, miscellaneous
DNA, error 1n the signal correction system or impure sequencing reaction solution, it will result in
that the sequencing signal counted by level has empty itersection of the nucleotide type expressed
i the corresponding position or the subsequent positions, then the nucleotide type cannot be solved.
Obviously, the error in the sequencing signal counted by times mayv cause the overall shift of the
sequencing signal counted by level, from the position where the error occurs. Therefore, the
sequencing signal counted by level is a kind of signal with memory. The error in the sequencing
signal may be corrected based on the feature of that the sequencing signal counted by level has
Memory.

[B0267]  In one aspect, the present disclosure provides a method to detect and/or correct the
sequence data error m the sequencing results. The sequencing reaction solution contains at least
two types of nuclectide substrate molecules with different bases; the degenerate gene encoding
mformation may be obtained. Technical personnel in this field can judge whether the conflicting
situation appears in the code of this position by comparing two or more degenerate coding
mformation. Compared to the same substrate to be tested, the method using different primers or
testing for several rounds directly 1s easier, and the testing may be completed via one test design. In
one aspect, the method provided herein is completely different from the method testing for several
rounds for the same gene to be tested. In some aspects, the method provided herein has no
correction basis if there are only two mutually orthogonal degenerate gene encoding results
{excluding the conditions in which redundant information like color 1s added). In one aspect, the
present disclosure first proposes the detection and correction of the error in three or more mutually
orthogonal degenerate coding results in this type of sequencing.

[00268]  In one aspect, the present disclosure provides a method to detect and/or correct the
sequence data error in the sequencing results. Especially conduct sequencing by using 5’end

polyphosphoric acid to modify nucleotide substrate molecules with fluorophores having
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fluorescence switching property; the method is also called the fluorescence switching sequencing
method. When using the fluorescence switching sequencing method combined with the 2+2
sequencing method, the sequencing method itself can bring many advantages, such as long read of
300bp and sequencing accuracy up to 99.99%; all of these cannot be achieved by simply using the
2+2 sequencing method or the fluorescence switching sequencing method; besides, there are some
other advantages using the combined method, like higher allowable flux, simple reaction, low error
rate, and no need to acquire the information n real time. Stnularly, the sequencing on other
nucleotide substrate molecules with fluorescence switching also has the same properties. For
example, the fluorescence switching sequencing method and the 2+2 sequencing method, provide
the redundant information other than the color information (ighting 1nformation or other detectable
information) during three rounds of sequencing, which may be used for correction; and it can also
extend the effective read without the accuracy changed; the correction result depends on the
accuracy of the sequencing method, and 1t can greatly improve the overall accuracy of the effective
read under the condition that the sequencer accuracy 1s fixed; for example, the correctness of
sequencing on the nucleic acid fragment with the length of 400bp 1s up to 97.36%. The correctness
after correction 1s up to 99.17%. Therefore, the effective read may be extended accordingly if the
sequencer for this error detection and correction method 1s apphied. Obvious rules can be found
when conducting correction using the method provided herein: any minor improvement in the
sequencing method that can reduce the error rate can significantly reduce the error rate of the

modified coding data.

IV, A Method to Read Sequence Information from the Original Signal of High-throughput
DNA Sequencing

[80269] In one aspect, the present disclosure relates to a method of reading nucleic acid
sequence mformation from the raw or original signals of a sequencing reaction, such as a high-
throughput DNA sequencing reaction. In particular aspects, the present disclosure relates to a
method of reading and/or correcting sequence information from the raw or original signals of a
second-generation sequencing technology, for example, for use in gene or genome sequencing. In
one aspect, the present disclosure considers many reasons for causing the deviation m the original

o in order to achieve a

o0

signal from the acteal sequence information during nucleic acid sequencin

606



[\
[V

WO 2017/084580 PCT/CN2016/106117

comprehensive correction of the detected sequence information, thereby reading an accurate DNA
sequence from the original sequencing signal. In one aspect, the presently disclosed method does
not affect the normal process of the sequencing reaction. In one aspect, the present disclosure
mvolves processing of both monochromatic sequencing signals and polychromatic sequencing
signals. In one aspect, the processing of each kind of signals comprises parameter estimation and
signal correction.

{00276]  In hugh-throughput DNA sequencing, under ideal conditions, the imtensity of the
original signal released by each sequencing reaction is proportional to the number of bases
mcorporated into a nascent DNA strand. In the actual situation, however, the proportional relation
is not always true due to several reasons. For example, first, the intensity of the original signal s
generally attenuated as a result of fluid erosion, hydrolysis of DNA template, and/or base mismaich.
Second, the lengths of nascent DNA strands gradually become desynchronized {e.g., there are
inconsistencies among the lengths of nascent DNA strands, due to the dephasing phenomenon) as
the sequencing reactions progress, due to incomplete sequencing reactions, side {e.g., unwanted)
reactions, and/or base musmatch. The desynchronized nascent DNA strand lengths in turn
contribute to the deviation of the intensity of the original signal from the actual target DNA
sequence. Third, the overall mtensity of the original signals will be high due to spontaneous
hydrolysis of nucleotides and/or background fluorescence from the sequencing chip or substrate.
All these factors make 1t difficult and sometimes impossible to directly read the sequence of the
target DNA from the mntensities of original sequencing signals, based on their proportional
relationshup under 1deal conditions.

{60271] Essting methods to read sequence mnformation from the original sequencing signal
only take part of the reasons mentioned above into account. For example, the 454 sequencing
technology only considers the dephasing phenomenon, and corrects the signal deviation caused by
dephasing through matrix transformation. In fact, because the above reasons exist simultaneously,
it only the dephasing phenomenon is considered or if dephasing is simply 1solated from other
factors such as attenuation and the overall high value, the accuracy of reading DNA sequence
mformation will be affected. In addition, the 454 sequencing technology only considers the primary

lead of the dephasing phenomenon, and ignores the secondary lead, which also affects the accuracy
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of the final resulis. Furthermore, the etfectiveness of the 454 sequencing technology is also affected
by many artificially-set parameters, and the technology is not convenient to use.

{60272] The lon Torrent sequencing technology 1s trying to alleviate the signal deviation
caused by the above reasons through change of the order in which nucleotides are added in the
sequencing reaction. However, on one hand, this method can only alleviate, but not really correct
the signal deviation. On the other hand, changing the order in which nucleotides are added in the
sequencing reaction will reduce the average sequencing read length of each sequencing reaction.

{00273] In another aspect, disclosed herein is a sequencing method using nucleotide substrate
molecules with fluorophores having a fluorescence switching property. In one aspect, the
sequencing 18 achieved by modifying the 5° end or an intermediate phosphate of a nucleotide
substrate molecule with a fluorophore having a fluorescence switching property. In one aspect, the
fluorescence switching property refers to that the intensity of fluorescence signal after sequencing 1s
significantly enhanced compared to the intensity of fluorescence signal before the sequencing
reaction. In one aspect, each sequencing run uses one reaction solution group, each reaction
solution group comprising at least two reaction solutions, and each reaction solution comprising at
least one of the A, G, T, or T nucleotide substrate molecules, or one of the A, G, C, or U nucleotide
substrate molecules. In one aspect, a nucleotide sequence fragment to be tested 1s first fixed na
reaction chamber, and a reaction solution from one reaction solution group 1s provided in the
reaction chamber. The sequencing reaction can be started under a suitable condition, and a
fluorescent signal 1s recorded. Then, additional reaction solutions are provided one at a time, so that
the other reaction solutions in the same reaction solution group are provided sequentially in the
sequencing reaction. At the same time, one or more fluorescent signals from each reaction solution
are recorded. In one aspect, there is at least one reaction solution in a reaction solution group that
comprises two or three nucleotide molecules.

[86274] In one aspect, the high-throughput sequencing is to obtain the sequence information
of a BNA to be tested, by performing a series of enzymatic reactions and detecting the signals
released in the reactions. If a certain nascent DNA strand has been extended to the n™ base, and the
nucleotides added into the current enzymatic reaction are exactly pairing with and are
complementary to the (n+1)" and (n+m)™ bases of the DNA template to be tested, then ideally the

nascent DNA strand in the enzymatic reaction will extend to the (n+m)th base. If the nascent DNA
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strand in the enzymatic reaction has actually been extended to exceed the (n+m) ™ base, thena
“lead” has occurred in the nascent DNA strand of this enzymatic reaction. If the nascent DNA
strand in the enzymatic reaction actually has not been extended to the (n'-i-m)m base, then a “lag” has
occurred in the nascent DNA strand of this enzymatic reaction. The “lead” and “lag” phenomena
are collectively known as the dephasing phenomenon. Note that, when the nascent DNA strand
extends to the n™ base, a plurality of “leads” and “lags,” in any possible order, may have occurred.

{00275  As shown in FIG. 38, all of the nascent DNA strands have the same length 1 prior to
the sequencing reaction. Each of the hashed, white, or grey boxes represents a nucleotide in the
sequence to be determined. For example, if the hashed box represents A, the white box represents T,
and the grev box represents C, then the teroplate sequence shown in FIG. 38 1s ATCCTT. After the
sequencing reaction, DNA molecules 1, 3 and § are extended and the extensions are normal, and
their length 1s 2. In DNA molecule 2, the “leading” phenomenon has occurred, e.g., due to side
{e.g.. unwanted) reactions, and its length 15 3 because the extension has exceeded the expected
length of 2 nucleotides. In DNA molecule 4, the “lagging” phenomenon has occurred, e.g., due to
an incomplete reaction, and its length 15 1. In one aspect, after the sequencing reaction, the lengths
of nascent DNA strands are different. The five DNA molecules shown in FIG. 38 are only of
schematic representation, it does not mean that there are five BDNA molecules i the actual
sequencing, and m fact there may be multiple DNA molecules in the actual sequencing.

[86276] As shown in FIG. 39, DNA Template 1 can have a sequence of ATCTTT, and DNA
Template 2 can have a sequence of ATCCTT. After a polymer A 13 extended normally (DNA
Template 1, Normal Extension, showing the polymer A has a sequence of AT), in the same
sequencing reaction, polymer A {i.e., AT} can be further extended by a side reaction to generate
polymer B (BDNA Template 1, Primary Lead, showing the polymer B has a sequence of ATC).
Since n this sequencing reaction only nucleotide T is provided and the polymer 1s only expected to
extend to position 2 (i.e., to have a T at position 2}, polymer B presents a “primary lead” which
already extends to position 3 and has a sequence of ATC. Note in this sequencing reaction, only
nucleotide T 1s provided and no nucleotide C 1s provided, meaning that the C at position 3 may be a
result of contamination {e.g., from previous sequencing reactions), a side reaction, or polymerase
error. In this example, polymer B may be further extended to position 4 to generate polymer C

(having a sequence of ATCT) because nucleotide T is provided in the sequence reaction, and this
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phenomenon is termed “secondary lead.” Compare this with DNA Template 2, which has a
rather than a T at position 4. When DNA Template 2 15 subject to sequencing, since nucleotide T is
provided, a primary lead may occur to extend the polymer to position 3 {(C) due to a side reaction.
However, in one aspect, the chance that another side reaction occurs to add another C at position 4
is negligible. As a result, DNA Template 2 will not be extended to position 4 and the secondary

lead phenomenon will not occur in DNA Template 2.
Sequencing Method

180277] In some aspects, methods for DNA sequencing are employed in the present
disclosure. In some embodiments, the method comprises fixing the DNA to be tested on a solid
surface, hybridizing it with one or more sequencing primers, and/or conducting the sequencing
reaction continuously and detecting the released signals. In one aspect, each reaction comprises the
following steps: adding the reaction liquids containing the reagents that are required for the reaction,
such as nucleotide, enzymes, efc., into the reactor {e.g., chip), to cause specific biochemical
reactions; detecting the released signals from the reaction; and/or cleaning the reactor. The added
nucleotides may be natural deoxynucleotide, or the nucleotide with chemically-modified groups, but
in one aspect, there should be a hydroxyl group on its 3' end. The number of types of the
nucleotides added in each reaction may be 1, 2, or 3, but 1t should not be 4 (referring to ACGT or
ACGU). In one aspect, the union of types of the nucleotides added into two adjacent reactions
includes all four nucleotides. For example, if A and G are added in the first reaction, then Cand T
will be added in the second reaction. In another example, if ACG are added in the first reaction,
then T will be added in the second reaction.

[86278]  If two types of nucleotides are added 10 a certain reaction, then the two types of
nucleotides can release the same or different types of signals in the reaction. If three types of
nucleotides are added into a certain reaction, then the three types of nucleotides can release the
same or different types of signals. Alternatively, two of them can release the same signal, and the
other one releases a different signal. The type of signals herein refers to the form of signals {such as
electrical signals, bioluminescent signals, chemiluminescent signals, efc.), or the color of optical
signals (such as green fluorescent signals, red fluorescent signals, ezc.), or a combination thereof.

Here, for simplicity, in one aspect, the signals released by all nucleotides in a certain reaction that
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are of the same type are referred to as monochrome signals; and those released by all nucleotides in
a certain reaction that are of different types are referred to as polychrome signals. The “color” here
is just used for the sake of simplicity, and the type of signals 15 not limited to optical signals of
different colors {e.g., wavelengths).

{80279]  In certain embodiments, the present disclosure relates to three types of signals with
different meanings, and they are:

{00286] 1. Ideal Signal h, which refers to the sequencing signal directly deduced in the ideal
circumstance according to the sequence of the DNA to be tested and the sequence of added
nucleotides, which directly reflects the DNA sequence information;

[00281] 2. Dephasing Signal s, which refers to the signal formed by the ideal signal b after 1t
is subject to the dephasing phenomenon and a bias s generated;

[00282] 3. Predicted Onigmnal Sequencing Signal p, which refers to the signal formed by the
dephasing signal {or the phase mismatch) s after a number of factors are taken nto account: the
number of extended bases, the multiplication relationship of the sequencing signal intensity, the
signal attenuation, and the overall offset. The Predicted Original Sequencing Signal p is the
prediction of the actual original signal according to the preset parameters,

[B0283] 4 Actual Onigmal Sequencing Signal f, which refers to the signal obtaimed by direct

measurement of the instrument in the high-throughput DNA sequencing,
Parameter Estimation

{00284} The process of deducing relevant parameters of a sequencing reaction based on one
or more reference DNA molecules and the actual original sequencing signal{s) of known sequence(s)
15 called parameter estimation. The basic process of parameter estimation 1s as shown m FIG, 41,
The parameter estimation relates to a set of parameters describing relevant properties ina
sequencing reaction, such as the dephasing coefficient, the intensity of unit signal strength, the
attenuation coefficient, and the overall offset coefficient.

{B0285]  First, the method comprises deducing the 1deal signal h according to the reference
DNA molecule, and then calculating the dephasing signal {or the phase mismatch} s and the
predicted original sequencing signal p based on the preset parameters. In one aspect, the method

comprises calculating the correlation coefficient ¢ between p and the actual original sequencing
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signal f In one aspect, the method comprises using an optimization method to find a set of
parameters, so that the correlation coefficient ¢ reaches the optimal value. The correlation
coefficient ¢ herein inchudes but 1s not limited to Pearson correlation coefficient, Spearman
correlation coefficient, average mutual information, Euclidean distance, Hamming distance,
Chebyshev distance, Chebyshev distance, Mahalanobis distance, Manhattan distance, Minkowski
distance, maximum or minimum value of the absolute value of the corresponding signal difference.
Here, the optimization methods include, but are not himited to grid search method, brute-force
method, gradient descent method, Newton method, Hessian matrix method, heuristic search, efc. In
some aspects, the heuristic search includes but is not limited to genetic algorithm, simulated
annealing algorithm, ant colony algorithm, harmonic algorithm, spark algorithm, Particle swarm
optinization algorithm, and immune algorithm. The correlation coefficient and optimization
methods mentioned here belong to general knowledge in mathematics,

{80286] In one aspect, based on the influence of the lead, lag, and/or offset on the sequencing
stgnals, a conversion {or transformation) between the 1deal sigoal b and the actual onginal
sequencing signal f can be performed. In another aspect, in the processing of deducing the
relationship between the 1deal signal b and the actual original sequencing signal f (e.g., based on the
signals measured from reference sequences of known nucleotide sequence), these parameters {e.g.,
lead, lag, and/or offset) can also be obtained, in the parameter estimation process. In some aspects,
the estimation process comprises using a matrix {e.g., a transformation matrix T) and/or a function
{e.g., a transformation function ).

[B6287] If the monochrome signal 1s acquired from the sequencing, then the calculation can
be done directly as described above. If the polychrome signal 1s acquired from the sequencing, then
each type of signal can be isolated from the polychrome signal and calculated separately using the
method described above.

[B0288] In one aspect, the calculation of the implementation method of s using h comprises
constructing the transformation matrix T according to the characteristics of h and relevant
parameters, and using T to transform h into s. In one aspect, the calculation of the implementation
method of p using s comprises constructing the transformation function ¢ according to relevant
parameters, and using d to transform s into p. The specific implementation methods are detatled

below.
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Signal Correction

[B028S] In one aspect, signal correction comprises a process of deducing the sequence
mformation of the DNA to be tested according to {1} the parameters obtained through the parameter
estimation, and (2} the actual original sequencing signal of the DNA {o be tested, which 1s of
unknown sequence. In one aspect, the basic process of signal correction s shown in FIG. 42,
which may be substantially regarded as the reverse process of the parameter estimation process.

{66298]  In a first aspect, the process comprises transforming the actual original sequencing
signal f into the dephasing signal {or the phase mismatch} s using the inverse function of the
transformation function @ according to the parameters obtained from the parameter estimation. In
one aspect, the process comprises regarding s as the zero-order dephasing signal s, constructing the
transformation matrix T; based on s, and relevant parameters, and using the generalized inverse
matrix of T to transform sg into the first-order dephasing signal s;. In another aspect, the process
further comprises constructing the transformation matrix T, based on s, and relevant parameters,
and using the generalized imverse matrix of T, to transform s into the second-order dephasing
signal 5. In yet another aspect, the process further comprises constructing the transformation
matrix Ti:; based on s; and relevant parameters, and using the generalized mverse matrix of Tjy to
transform s; 1nto the (i+1 }-order dephasing signal si, wherein 1 1s an integer of 2 or greater. In one
aspect, the process comprises calculating a series of dephasing signal so, 51, 82, .. ., 811, .., 5 In
one aspect, 1f it 15 found that two adjacent dephasing signals s;and si.; are equal to each other in the
calculation, then the calculation may be stopped, leaving s as the result of signal correction.

[80291] In one aspect, the above generalized inverse matrix can be substituted with a
Tikhonov regulanization method.

[B6292] If the monochrome signal 1s acquired from the sequencing, then the calculation can
be done directly as described above. If the polychrome signal 15 acquired from the sequencing, then
each type of signal can be 1solated from the polychrome signal and calculated separately using the
method described above.

[86293] The above process of transforming { into s using the inverse function of the
transformation function @ and the process of transforming s; into s+ using the generalized nverse

matrix of T are detailed below.
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Construction Method of Transformation Matrix T

{60294] In one aspect, the construction of the transformation matrix T 15 dependenton a
sequencing-related signal x and sequencing and dephasing parameters. During parameter
estimation, the signal x 1s the 1deal signal h; during signal correction, the signal x 15 any-order
dephasing signal s;. In order to improve the accuracy of correction, the signal x may be extended by
adding several 1s after it. In preferred embodiments, one to one hundred 1s can be added. In
particular embodiments, five to ten Is are added. 1n one aspect, the dephasing parameters comprise
the lead coefficient £ and the lag coefficient A

{00295] In one aspect, the construction of the transformation matrix T also comprises
constructing a secondary matrix D. In one aspect, suppose the signal x has m values, and the
sequencing reaction has actually been carried out for n times, then the transformation matrix T and
the awxiliary matrix D both have n rows and m columns. For example, in the first row of the
auxtliary matrix D, only the elements of the first column is 1 and the other elements are all zeros.

[00296] In one aspect, the method comprises calculating the k™ row of the transformation
matrix T using the k™ row of auxiliary matrix I. For the first element in the k™ row of the
transformation matrix T:

(662971 1. ks an odd number, the lagging phenomenon should be considered, and the
element 1s designated as (1-3) Dy

{60298] 2 If'k s an even number, the element is designated as 0.

[60299] For the i™ element in the k™ row of the transformation matrix T (excluding the first
element).

{603868] 1. Ifk and 1 have the same parity, then the lagging phenomenon should be considered,
and the element 1s set as {1-A)Dy;

{B0381] 2. Ifk and 1 bave different panities, the primary leading phenomenon should be
considered, and the element 13 set as e(1-A)Dy 11}

{00362] 3. If the (i-1)" element of the signal x is less than 2, then the secondary leading
phenomenon should be considered, and on the basis of calculation results from steps 1 and 2 above,
the (i-1)" element Ty iy in the same row of the transformation matrix T should be added to this

element.

74



[V

[8]
<

WO 2017/084580 PCT/CN2016/106117

[60383]  In one aspect, the method comprises calculating the (k+1)" row of the auxiliary
matrix using the k™ row of the transformation matrix T. In the first row of the auxiliary matrix D,
only the elements of the first column is 1, and the other elements are all zeros. For the k™ row of
the auxthiary matrix {excluding the first row}):

{0G364] 1. The first element is the difference between the element Dy.i; in the previous row
and the same column of the auxiliary matrix and the Ty ; in the previous row and the same column
of the corresponding element of the transformation matrix T.

[08305] 2. The i" element is the sum of the difference between the element Dy. 11 1n the
previous row and the same column of the auxiliary matrix and the Ty in the previous row and the
same column of the corresponding element of the transformation matrix T, plus the element Ty 1
in the previous row and previous column of the corresponding element of the transformation matrix
T

[80386] Therefore, in one aspect, the present disclosure firstly specifies the value of the first
row of the auxibiary matrix D, and then uses the first row of the auxihary matrix D to calculate the
first row of the transformation matrix. In one aspect, the method further comprises using the first
row of the transformation matrix T to calculate the second row of the awaliary matrix, and using the
second row of the auxihary matrix D to calculate the second row of the transformation matnix T.
The values of all the elements in the auwxihiary matrix and the transformation matrix can be obtained
i the same manner.

{B0387]  In one aspect, the auxiliary matrix D 15 only mtroduced for easy calculation, and 1t
may be removed through a normal mathematics deformation method, so that the transformation
matrix T may be directly calculated.

[B6368] In the above calculation, the dephasing parameter is related to the type of nucleotide,
as well as the row number k and the column number 1 where the calculated element i3 located. In
the actual calculation, for the sake of simplicity, it is possible to either keep the dephasing
coefficients £ and/or A constant, or make the dephasing coefficients € and A change with the type of
nucleotide, row number k, and/or column number 1 of the nucleotide.

[00369] In one aspect, during parameter estimation, the transformation matrix T may be
obtained according to the above calculation method, based on the preset dephasing coefficient and

the ideal signal h. In one aspect, the dephasing signal {or the phase mismatch) s is the product
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between the transformation matrix T and the ideal signal h. If the ideal signal h 1s expressed as a
column vector, then s 1s namely T multiplied by h; 1if the 1deal signal 1s expressed as a row vector,
then s s a transposed matrix of h multiphed by T.

{063168] Durning parameter correction, the transformation matrix T may be obtained according
to the above calculation method, based on the preset dephasing coefficient and the t-order dephasing
signal s;. In one aspect, the (i+1}-order dephasing signal s is the product between the generalized
inverse matrix T~ of the transformation matrix T and the i-order dephasing signal. Ifs; is expressed
as a column vector, then sy is the T™ multiplied by s;; if 5; is expressed as a row vector, then sy isa
transposed matrix of s; multiplied by T, After the (i-+1)-order dephasing signal s, is calculated

with the above method, 1t may be further rounded. The rounding methods include but not limuted to:

{#6311] 1. Rounding off by taking the most proximate integer;

[06312] 2 Rounding up to an integer by taking the smallest integer larger than s,

{66313] 3. Rounding down to an integer by taking the biggest integer larger than 55.4;
[60314] 4. Rounding toward zero: if s34 15 larger than 0, rounding down to an integer; if S

is less than O, round up to an integer.
[B6315] 5. Positive rounding: rounding i any of the above ways, and then changing all the

non-positive mimbers 1o 1,
Construction Method of Transformation Fanction

[60316] In one aspect, the transformation function ¢ 15 dependent on several parameters
including unit signal a (the number of extended bases has a multiplication relationship with the
intensity of sequencing signal), the attenuation coefficient b, and the overall offset ¢, erc. The
parameters a, b and ¢ herein may be a single factor, or a set of coefficients. For example, the unit
signal a 13 related to the type of nucleotide and the times of sequencing reactions. In the calculation,
it 15 possible to use single values of these parameters for the sake of sumplicity, or to make them
change with relevant factors for the sake of precision, or use single values for some parameters and
make the other ones change with the relevant factors.

[00317] The forms of the transformation function ¢ (s} include but not himited to the
following:

[00318] 1. o(s) = Qapuidste

76



98]

[V

<&

WO 2017/084580 PCT/CN2016/106117

{66319 2. (s} = QaPu{Pstipc)

[60328] 3. @(S} = (?11{@3(?8"}'(?6)

{66321 4 @(s) = Cal PrPsHc).

{80322]  In the above functions, g, ¢, @ and @, are mathematical functions associated with a,
b and ¢, including but not limited to constant function, power function, exponential function,
logarithmic function, trigonometric function, inverse trigonometric function, rounding function and
special function, as well as the functions generated by mutual operation, composition, iteration or
segment of the above-mentioned functions. In some embodiments, the special functions mclude but
are not limited to elliptic function, gamma function, Bessel function, beta function and so on.

{00323]  In one aspect, the transformation function @(x) can change the dephasing signal {or
the phase mismatch) s into the predicted original sequencing signal p, namely p = ¢{s). In one
aspect, the inverse function ¢ (x) of the transformation function @(x) can change the actual original
sequencing signal £ into the dephasing signal (or the phase misratch) s, namely s = o (f). The
inverse function herein shall take the conventional meaning 10 mathematics.

{00324] Compared to existing methods {e.g., the 454 patent method, for examples, as
disclosed in UK 2011/0213563 Al, System and method to correct out of phase errors in DNA
sequencing data by use of a recursive algorithm, 1ssued as US Paten 8,364,417), the present
disclosure has major improvements on the following three aspects. Firstly, the present method
comprises constructing the transformation matrix by considering the primary lead, the secondary
lead, and the lag in the dephasing phenomenon simultaneously, and using the transformation matrix
to correct the sequencing errors caused by dephasing. Secondly, the present method comprises
sofving the signal deviation due to attenuation, dephasing, or overall offset as a whole. The present
method neither only corrects the signal deviation caused by a single problem, nor simply solves the
problems one by one. Thirdly, the signal correction method 1s improved, avoiding the introduction
of parameter settings which need judgment by subjective factors, and enhancing the robustness and
reproducibility of the method. Fourthly, both monochrome signal and bi-color signal may be
corrected using a method disclosed herein.

{60325] In one aspect, the tertiary lead is not considered herein (FIG. 48).

{00326] In one aspect, the method in the present disclosure has following effects and

advantages detailed below, as compared to the method mentioned in the background technology:
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{66327] 1. Inthe 2 + 2 sequencing method, the secondary lead phenomenon is very
significant, and the resulted deviation cannot be corrected by the 454 patent method in which the
secondary lead phenomenon is not taken into account. In the present disclosure, in one aspect, the
secondary lead phenomenon 1s taken into account, depending on which, the signal deviation caused
by this phenomenon may be well corrected.

{00328] 2. In practice, if reading out the sequence information from the original sequencing
signal only with the simple linear fitting method, the accuracy of the reading typically will reach
about 100 bp at the most. If reading out the same data with the method described in the present
disclosure, the accuracy of the reading may reach about 350 bp, which greatly improves the
sequencing read length and the sequencing accuracy. In some embodiments, the accuracy of the
reading may reach about 400 bp, about 450 bp, about 500 bp, about 530 bp, about 600 bp, about
650 bp, about 700 bp, about 750 bp, about 800 bp, about 8530 bp, about 900 bp, about 950 bp, about
1000 bp, about 1050 bp, about 1100 bp, about 1150 bp, about 1200 bp, about 1250 bp, about 1300
bp, about 1350 bp, about 1400 bp, about 1450 bp, about 1500 bp, about 1550 bp, about 1600 bp,
about 1650 bp, about 1700 bp, about 1750 bp, about 1800 bp, about 1850 bp, about 1900 bp, about
1950 bp, about 2000 bp, about 2050 bp, about 2100 bp, about 2150 bp, about 2200 bp, about 2250
bp, about 2300 bp, about 2350 bp, or about 2400 bp.

{86329] 3. In one aspect, the present disclosure can correct both monochrome signal and bi-
color signal.

{86338] 4. In another aspect, the present disclosure does not affect the normal order in which
sarmples and/or reagents {e.g., dNTPs or ddNTPs) are added for sequencing, compared to certain art
methods, for example, the Ion Torrent sequencing method as disclosed 1n US 2014/0031238 Al and
US Patent No. 9,416,413 (Alternative nucleotide flows in sequencing-by-synthesis methods).

{0G331] In oneaspect, disclosed herein 1s a method to feed back the error generated by
iteration in the template molecule sequence data, comprising: a} detecting multiple signals
corresponding to the nucleic acid sequence, which are generated due to multiple nucleotides being
mtroduced into the sequencing reaction; b) producing quantitative (normalized or digitalized)
mformation using the detecting signal; ¢) obtaining a series of lead amount and/or lag amount
nformation using the parameter estimation; d} obtaining a phase mismatch using the amount of

generated new nucleotides and the accumulation of the secondary lead amount; e} calculating the
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amount of new nucleotides generated in each reaction using the phase mismatch; and f) repeating
Steps d) and e} until the amount of the new nucleotides generated in each reaction becomes
convergent, wherein said parameter estimation refers to deduce the lead amount and/or lag amount
according to the reference sequence and 1ts sequencing signals; wherein the secondary lead amount
refer to that the extension not matching with the nucleotide substrate of this sequencing reaction
occurs in the sequencing reaction, on that basis, the extension matching with the nucleotide
substrate of this sequencing reaction occurs; wherein the phase mismatch is the change in the
sequencing results due to lead amount and/or lag, and wherein the amount of new nucleotides 1s the
extension length of the sequence after added with the sequencing reaction solution.

{60332] In oneaspect, 1o the parameter estimation, the method further comprises obtaning
the attenuation coefficient. In another aspect, in the parameter estimation, the method further
comprises obtaiing the offset amount. In another aspect, in the parameter estimation, the method
further comprises obtaining the unit signal information.

[00333]  In another aspect, disclosed herein 15 a method to feed back the error generated by
iteration in the template molecule sequence data, comprising: a) detecting multiple signals
corresponding to the nucleic acid sequence, which are generated due to multiple nucleotides being
mtroduced into the sequencing reaction; b} producing quantitative (normalized or digitalized)
mformation using the detecting signal; ¢) obtaining a series of lead amount and/or lag amount,
attenuation coefficient and offset amount using the parameter estimation; d) obtaiming the phase
mismatch using the amount of generated new nucleotides and the accumulation of the secondary
iead amount; ¢} calculating the amount of new nucleotides generated in each reaction using the
phase mismatch; and f) repeating Steps d} and e} until the amount of the new nucleotides generated
in each reaction becomes convergent; wherein the parameter estimation refers to deduce lead
amount and/or lag amount, attenuation coefficient and offset amount according to the reference
sequence and its sequencing signals; wherein the secondary lead amount refer to that the extension
not matching with the nucleotide substrate of this sequencing reaction occurs i the sequencing
reaction, on that basis, the extension matching with the nucleotide substrate of this sequencing
reaction occurs; wherein the phase nusmatch is the change in the sequencing results due to lead
amount and/or lag; and wherein the amount of new nucleotides refers to the extension length of the

sequence after added with the sequencing reaction solution.
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{60334]  In one aspect, disclosed herein 1s a method to correct the lead amount in the
sequencing results using the secondary fead amount, wherein in the sequencing results, if the signal
obtained from a certain reaction is simular to the unit signal, the method comprises correcting the
signal using the secondary lead amount; and wherein the secondary lead amount refer to that the
extension not matching with the nucleotide substrate of the sequencing reaction occurs in the
sequencing reaction, and then, the extension matching with the nucleotide substrate of this
sequencing reaction occurs.

{80335] In one aspect, in the sequencing results, the primary lead amount is included,
wherein the primary lead amount refers to the extension not matching with the nucleotide substrate
in the sequencing reaction.

[60336] In one aspect, the influence of the subsequent lead amount includes the secondary
lead amount effect and the primary lead amount, except for the first secondary lead amount, will be
accumulated nto the subsequent sequencing reaction.

{60337}  In any of the preceding embodiments, the signal obtained from the reaction can be
stmilar to the unit signal, referring to that the signal obtained from the reaction 15 simntlar to the unit
signal; a deviation of less than about 60% between the mtensity information for the signal obtained
from the optional reaction and the umit information may be obtamed through the optimization
reaction, a deviation of less than about 50% between the same two obtained through further
optimization reaction, a deviation of less than about 40% between the same two obtained through
further optimization reaction, a deviation of less than about 30% between the same two obtained
through further optimization reaction, a deviation of less than about 20% between the same two
obtained through further optimization reaction, a deviation of less than about 10% between the
same two obtained through further optimization reaction and a deviation of less than about 5%
between the same two obtained through further optimization reaction.

[60338] In one aspect, in the sequencing reaction, the method comprises when the n™
sequencing signal is obtained, obtaining the corrected sequencing signal by feeding back the error
generated by iteration i the template molecule sequence data, using the sequencing signal prior to n;
and then, judging if the secondary lead amount exists in this position according to the judging rules

described above.
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{66339]  In any of the preceding embodiments, the sequencing can be the process of adding
the reaction solution of sequencing regents like nucleotide and enzymes into the nucleic acid
sequence to be tested.

180348] In any of the preceding embodiments, in the sequencing, one type or two types or
three type or four types of nucleotide may be added in each reaction.

{00341] In anv of the preceding embodiments, the sequencing can be the sequencing process
with three ends open. In the sequencing reaction, one type or two types or three type of nucleotide
may be added. In any of the preceding embodiments, in the sequencing, the added nucleotide may
beoneormore of A, G, Cand T, orone or more of A, GG, C and U.

{00342} In any of the preceding embodiments, in the sequencing, the detected signal may be
electrical signal, biocluminescent signal, chemiluminescent signal, or combination of thereof.

[00343] In any of the preceding embodiments, in the parameter estimnation, the method can
comprise first deducing the 1deal signal h according to the reference DNA molecule, and then
calculating the dephasing signal {or the phase nusmatch) s and the predicted original sequencing
signal p based on the preset parameters, and calculating the correlation coefficient ¢ between p and
the actual original sequencing signal {

[60344] In any of the preceding embodiments, the method can comprise using the
optimization method to find a set of parameters, so that the correlation coefficient ¢ reaches the
optimal value. The found parameters may mclude lead amount and/or lag amount, or also mclude
one or more of attenuation coefficient, offset amount and umt signal,

[80345] In any of the preceding embodiments, the lead amount and/or lag amount can refer to
the degree of dephasing due to lead amount and/or lag in the sequencing reaction.

[88346] In any of the preceding embodiments, in the sequencing, the nucleotides can be
divided into two groups, and the method can comprise adding the sequencing reaction sohution

containing one group of nuclestide molecule in each sequencing reaction.

EXAMPLES

Example 1:  Seguencing by the “2 + 2. monochrome” method
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{60347]  In order to further describe the present disclosure, specific examples are provided
below. The specific parameters, steps, etc. are conventional in the field unless otherwise specified.
The specific examples are not to limit the scope of the present disclosure.

{00348] For sequencing by the “2 + 2, monochrome” method, three sets of reaction solutions
are prepared. Each set comprises two vials, and each vial comprises two kinds of bases labeled with
the same fluorescence group, X. For each set, the two vials together contain all four bases for the

sequencing reaction. The six vials (two in each set) are different from each other.

Table 7: Keaction Solutions in the 2 + 2, monochrome”™ Method
Fivst Vial Second Vial
First Set AX+CX GXATX
Second Set AXAGEX CX+TX
Third Set AX+TX CXAGX

{80349] A complete sequencing process comprises three rounds of sequencing, and the three
rounds of sequencing are conducted sequentially in any suitable order. Each round of sequencing
uses one of the three sets of reaction solutions histed 1o Table 7. For example, the order of the three
rounds can be First Set = Second Set -» Third Set, or Second Set = Third Set —# First Set, etc.
Except for the different set of reaction solutions used m each round, all the other conditions are the
same (for example, the same sequencing primers and reaction conditions are used for all three
rounds). The two vials in the same set of reaction solutions can also be used m any sustable order,
for example, the first vial can be used before or after the second vial.

{80358] FEach round of sequencing comprises:

1. Hybridizing the sequencing primers onto a prepared DNA array.
2. Starting the sequencing reactions. The steps from 2.1 to 2.4 can be repeated multiple times.
2.1 Providing a first vial of reaction solution {e.g., the first vial or the second vial of the

first set) to the sequencing reaction mix (for example, i a flowcell}, letting the reaction proceed and
acquiring fluorescence signals from the fluorescence group X

2.2 Washing off all residual reaction solution and fluorescence molecules m the flowceell
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2.3 Providing a second vial of reaction solution {e.g., the second vial or the first vial of
the first set) to the sequencing reaction mix, letting the reaction proceed and acquiring fluorescence
signals.

2.4 Washing off all residual reaction solution and fluorescence molecules i the floweell.
3. Unwinding the extended sequencing primers.

{80351] At this point, a new round of sequencing reaction can be started.

{00352] Solutions used in this example can be prepared as follows. The washing solution for
the sequencing reaction solution comprises: 20 mM Tris-HCI pH 8.8; 10 mM (NHy 3,804, 50 mM
KCE 2 mM MgSQy; and 0.1% Tween® 20. The master solution for the sequencing reaction
comprises: 20 mM Tris-HCl pH 8.8; 10 mM (NH4),S04; 50 mM KCI; 2 mM MgSOy; 0.1%
Tween® 20; 8000 unit/mL Bst polymerase; and 100 vnmit/mL CIP (Alkaline Phosphatagse, Calf
Intestinal)

[B0353] Three groups of sequencing reaction solutions are prepared as follows:

Set I (Vials 1A and 1B):

Vial TA: Master solution + 20uM dA4P-TG + Z0uM dC4P-TG

Vial 1B: Master solution + 20pM dG4P-TG + 20uM dT4P-TG
Set 2 (Vials 2A and 2B):

Vial 2A; Master solution + 20uM dA4P-TG + 20uM dG4P-TG

Vial 2B: Master solution + 20uM dC4P-TG + 20uM dT4P-TG
Set 3 (Vials 3A and 3B}

Vial 3A: Master solution + 20pM dA4P-TG + 20uM dT4P-TG

Vial 3B: Master solution + 20pM dC4AP-TG + 20pM dG4AP-TG

[08354] The prepared reaction solutions and master solutions are placed in a 4°C refrigerator
or on ice for fisture use.

[60355] In order to hybridize the sequencing primers, a sequencing primer solution (10 pM
of primers in 1 x 88 buffer) is injected the into the sequencing chip, which is then heated to 90°C,
and then cooled to 40°C at the rate of 3°C/min. The sequencing primer solution is then washed off

with the washing solution.
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{60356]  In order to conduct the sequencing reactions, the sequencing chip is placed onto the
sequencer. To perform the sequencing using the first group of reaction solutions, the steps below

are followed:

1. Providing 10 mL washing sohution to wash the chip.

2. Cool the chip to 4°C.

3. Providing 100 pL reaction solution 1A,

4, Heating the chip to 65°C.

5. Waiting for 1 min.

6. Taking fluorescence images under the excitation laser wavelength of 473nm.
7. Providing 10 mL washing solution to wash the chip.

8. Cooling the chip to 4°C.
2. Providing 100 pL reaction solution 1B,

10.  Heating the chip to 65°C.

11 Waiting for 1 min.
12, Taking tluorescence images under the excitation laser wavelength of 473nm.
13, Repeating steps 1 to 12 for 50 tumes wn order to obtain 100 fluorescence signals.

{80357] The second round of sequencing can be conducted as follows. First, the chip is
cooled to room temperature. 200 gl 0.1 M NaOH solution 1s then provided to denature the DNA
double strands extended 1n the first round of sequencing. 10 mil washing solution 1s the provided to
wash off the residual NaOH and denatured DNA single strands.

[B0358] The sequencing primers are then re-hybridized to the DNA array as described above.

The sequencing reaction using the second set of reaction solutions 1s conducted as follows:

1. Providing 10 mL washing sohution to wash the chip.

2. Cool the chip to 4°C.

3. Providing 100 plb reaction solution 2A.

4. Heating the chip to 65°C.

5. Waiting for 1 min.

6. Taking fluorescence images under the excitation laser wavelength of 473nm.

atl

Providing 10 mbL washing solution to wash the chip.

8. Cooling the chip to 4°C.
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9. Providing 100 pL reaction solution 2B.

10. Heating the chip to 65°C.

1t Waiting for 1 min.
12. Taking fluorescence images under the excitation laser wavelength of 473nm.
13, Repeating steps 1 to 12 for 50 times 1n order to obtain 100 fluorescence signals.

{80359] The third round of sequencing can be conducted as follows. First, the chip is cooled
to room temperature. 200 pL 0.1 M NaQOH solution is then provided to denature the DNA double
strands extended in the second round of sequencing. 10 ml washing solution is the provided to
wash off the residual NaOH and denatured DNA single strands.

The sequencing primers are then re-hybridized to the DNA array as described above. The
sequencing reaction using the third set of reaction solutions s conducted as follows:

1. Providing 10 mL washing solution to wash the chip.

b2

Cool the chip to 4°C.

3. Providing 100 uL reaction solution 3A.

4. Heating the chip to 65°C.

5 Waiting for 1 min.

6. Taking fluorescence images under the excitation laser wavelength of 4730om.
7. Providing 10 mL washing solution to wash the chip.

3. Cooling the chip to 4°C.
9. Providing 100 uL reaction solution 3B,

10. Heating the chip to 65°C.

1t Waiting for 1 min.
12. Taking fluorescence images under the excitation laser wavelength of 473nm.
13, Repeating steps 1 to 12 for 50 times 1n order to obtain 100 fluorescence signals.

{80366] The three rounds of sequencing are completed at this point.

Example 2:  Seguencing by the ©2 + 2, two colors” method

{80361] In this example, three sets of reaction solutions are prepared. There are two vials for
each set, each vial comprising two kinds of nucleotide bases. The two kinds of nucleotide bases in
each vial are labeled with two different fluorophores (such that thetr emission wavelengths are

different) for distinguishing signals from the two kinds of nucleotide bases.
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{80362]  In this example, the two types of fluorophores are X and Y. For each set, the two
vials together contain all four bases for the sequencing reaction. The six vials (two in each set) are

different from each other.

Table &: Reaction Solutions in the “2 + 2, two colors” Method
Fivst Vial Second Vial
First Set AXACY XATY
Second Set AX+GY CX+TY
Third Set AXHTY CXAGY
5 {00363] A complete sequencing process comprises three rounds of sequencing, and the three

rounds of sequencing are conducted sequentially in any suitable order. Fach round of sequencing
uses one of the three sets of reaction solutions listed in Table 8. For example, the order of the three
rounds can be First Set - Second Set = Third Set, or Second Set =3 Third Set 2 First Set, ete.
Except for the different set of reaction solutions used in each round, all the other conditions are the

10 same (for example, the same sequencing primers and reaction conditions are used for all three
rounds). The two vials in the same set of reaction solutions can also be used in any suitable order,
for example, the first vial can be used before or after the second vial

{80364] Fach round of sequencing comprises:

1. Hybridizing the sequencing primers onto a prepared DNA array.
15 2 Starting the sequencing reactions. The steps from 2.1 to 2.4 can be repeated multiple times.

2.1 Providing a first vial of reaction solution {e.g., the first vial or the second vial of the
first set) to the sequencing reaction nux {for example, n a flowceell}, letting the reaction proceed and
acquiring fluorescence signals from the fluorescence group X and fluorescence signals from the

fluorescence group Y.

20 2.2, Washing off all residual reaction solution and fluorescence molecules mn the flowcell.
2.3. Providing a second vial of reaction solution (e.g., the second vial or the first vial of

the first set) to the sequencing reaction mux, letting the reaction proceed and acquiring tfluorescence
signals from the fluorescence group X and fluorescence signals from the fluorescence group Y.

2.4 Washing off all residual reaction solution and fluorescence molecules mn the flowcell.
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3. Unwinding the extended sequencing primers.

1B0365] At this point, a new round of sequencing reaction can be started.

Example 3:  Examples for Comparison

Example for Comparison Ne. 1

{80366] In this example offered as a comparison, four kinds of 37 end-blocked nucleotide
molecules are used. The 3’ blocking group may hinder polymerase molecules from continued
extension using this nucleotide molecule as the substrate. The 3° blocking group can be removed
under specific conditions in order to generate a termunal hydroxyl group. Each kind of nucleotide
molecule is labeled with a different fluorescent molecule. The fluorescent molecules used herein
are not fluorophores having fluorescence switching property, and may be removed under certain
conditions. The fhuorescence labels are W, X, Y, and Z, respectively. The labeled nuclestide
monomers are W-A, X-C, Y-G, and Z-T, respectively.

{00367] Regent 1 is the main sequencing reaction solution, which comprises four kinds of 37
end-blocked nucleotide molecules labeled with fluorescence, and the polymerase that uses the
labeled nucleotide molecules for the polymerase catalyzed extension. Regent 2 is the washing
solution. Regent 3 is the de-blocking solution which comprises regents for removing the 37 end
blocking groups and the fluorescent groups.

[00368] During sequencing, the sequencing primer 15 first hybridized onto the template strand.
Reagent 1 and the hybridized teraplate are then mixed m order to cause the polymerase reaction.
After the reaction, reagent 2 1s used to wash off the unreacted sequencing solution. Fluorescence
signals are acquired in order to determine the nucleotide base added to the sequencing primer in the
polymerase extension reaction. Then reagent 3 is used to remove the 37 end blocking group and the
fluorescence groups. The template polynucleotide can then proceed to the next round of sequencing
reaction after washing. This sequencing method does not have data redundancy and quality control

characteristics.

Example for Comparison No, 2
[80369] In this example offered as a comparison, the sequencing reactions are conducted
using nucleotides without the fluorescence switching property. This example 15 similar to Example

1, except that the fluorescent label 1s not in the phosphate group. This example relates to four kinds
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of nucleotide molecules, and all of them may be extended freely by the polymerase under the
complementary pairing conditions. The bases of each kind of nuclestide molecules is labeled with
the same fluorescence group, and the molecule group does not have the fluorescence switching
property, and may be removed under certain conditions. Three sets of reaction solutions are
provided, two vials for each set. For each set, the two vials together contain all four bases for the

sequencing reaction. The six vials (two in each set) are different from each other.

Table 9: Reaction Solutions in Example for Comparison No. 2
First Vial Second Vial
First Set AXHCX GXATX
Second Set AXAGEX CXA+TX
Third Set AXATX CXAHGX

[B0378] A complete sequencing process comprises three rounds of sequencing, and the three
rounds of sequencing are conducted sequentially in any suitable order. Except for the different set
of reaction solutions used in each round, all the other conditions are the same (for example, the
same sequencing primers and reaction conditions are used for all three rounds).

{86371] FEach round of sequencing comprises:

1. Hybridizing the sequencing primers onto a prepared DNA array.

Starting the sequencing reactions. The steps from 2.1 to 2.8 can be repeated multiple times.

[

2.1 Providing a first vial of reaction solution to the sequencing reaction mix, letting the

reaction proceed.

22 Washing off all residual reaction solution and fluorescence molecules m the floweell.
2.3. Acquiting fluorescence signals from the fluorescence group.

24 Providing a reagent to remove the fluorescent labeling group.

2.5. Providing a second vial of reaction solution to the sequencing reaction mix, letting

the reaction proceed.

2.6. Washing off all residual reaction solution and fluorescence molecules mn the flowcell.
27 Acquiring fluorescence signals from the fluorescence group.
2.8 Providing a reagent to remove the fluorescent labeling group.
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3. Unwinding the extended sequencing primers.

{80372] Then, a new round of sequencing can be started. The assay 1s completed after three
rounds of sequencing.

[60373] In this example, because the substrates (nucleotide molecules) without fluorescence
switching property are used, an excision reagent needs to be provided in the sequencing sieps to
remove the fluorescent labels, and the sequencing process takes longer. Besides, molecular scars

are created and left on the generated double strand DNA molecules, preventing turther extension,

Example 4:  Detecting and/or correctingSequencing Ervors

{60374]  In this example, a single-stranded DNA molecule whose sequence s to be
determined 1s fixed onto a sohid surface. The fixing methods may be chemical crosslinking,
molecular adsorption, etc. The 3' end or 5" end of the DNA may be fixed to the surface. The DNA
to be determined comprises a fragment with known sequence, which 1s complementary and capable
of hybridizing to a sequencing primer. The sequence from the 3' end of the segment with known
sequence to the 3' end of the DNA to be tested is the fragment whose sequence 1s to be determined.
In this example, the sequence to be determined 15 S -TGAACTTTAGCCACGGAGTA-3
(SEQ ID NG: 2).

[B0375] A sequencing primer s first hybridized onto the segment with known sequence of
the target DNA. The base of each nucleotide substrate molecule 1s coupled to a functional group
having a fluorescence switching property, and the number of phosphate modules 1s 4.

[00376] dG4P and dT4P, as well as corresponding reaction buffer solutions, enzymes and
metal 1ons, are added to the reaction to cause the sequencing reaction which generates fluorescence
signals. The signals are acquired by a CCD {charge coupled device). The values of these
fluorescence signals are recorded. The reaction 1s recorded as the first reaction.

{60377  The residual dG4P and dT4P in the reaction are then washed off. Then, dA4P and
dC4P are added into the reaction system to cause the same sequencing reaction as mentioned above,
and the fluorescence signal values are recorded. The reaction should be recorded as the second

reaction. This method is also called monochrome 2 + 2 sequencing method.
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{60378] The above process 1s repeated. dG4P and dT4P are added for the odd-number
reactions, and dA4P and dC4P are added for the even-number reactions, to obtain a group of
sequencing signal values: x =(2, 3,3, 1, 1,3, 2, 1,2, 1).

{80379] The DNA nascent strand synthetized in the above sequencing reaction is then

5 unwound and washed off, for example, using high temperature or strong hydrophilic substances
{(such as urea and formamide). The sequencing primer 1s then re-hybridized onto the template DNA.
dC4P and dT4P are added for the odd-number reactions, and dA4P and dG4P are added for the
even-number reactions, to obtain a group of sequencing signal values: y=(1,4,4,2,2, 1,1, 4, 1, 1}.

{60386] The DNA nascent strand synthetized in the above sequencing reaction 1s then

16 unwound and washed off, for example, using high temperature or strong hydrophilic substances
{(such as urea and formamude). The sequencing primer 1s then re-hybridized onto the template DNA.
dA4P and dT4P are added for the odd-number reactions, and dC4P and dG4P are added for the
even-number reactions, to obtain a group of sequencing signal values: z=(1,1,2,1,4,3, 1,3, 1, 1,
2.

15 [60381] The above sequencing signal values are then analyzed in view of the types of
nucleotide bases represented by the signals to obtain the sequencing information. For each residue
of the target DNA, the common base among the three signals are identified and listed in the table

below, as the nucleotide residue n that position.

Table 10 Sequencing Results before Correction
Signal x KIEKMMME K KIMIKIMMIMIKIKIMIKIKIM
Signaly [ Y|RIR|R|IRIYIYIYIYIRIRIYVIYIRIYIRIRIRIRIYVIR
Signal z WIS |IW W SITWIWIWIWISISISIWISISISIWISIWIW
Common | o\ ialalolT|T|T|2lGI 2 Cl2iGl2i2)2G|al?|2
base
20
[00382] When solving the common base in each posttion for the three groups of signals, there
is no common base at several positions. This indicates that error has occurred 1n the sequence. In
this example, the second value of Signal Y 1s changed from 4 to 3, and the sixth value of Signal X is
changed from 3 to 4, then the signal will be changed to be the condition as shown in the table below.
25 Table 11: Sequencing Results after Correction
Signalx |KIK{iMIM MIKIKIEKIMEIMIMMIMIKIK MIKIKIM
Signal v YIRIRIRIB|YVIYVIYVIYIRIRIYIYIRIYIRIRIRIRIY IR
Signalz | WIS {WIW SIWIWIW WISISISIWISISISIWISIWIW
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Common

base TIGIATA CITITITIAIGICI|CIA|ICIGIGIAIGITIA

{80383] In the above table, changing the second value of Signal Y from 4 to 3 1s expressed as
R with strikethrough, and changing the sixth value of Signal X from 3 to 4 is expressed as adding an
M (inn underline and with italics). After the two modifications, there are common bases in all
positions of the three groups of signals, and the sequence consisting of these common bases 1s the
DNA sequence to be determined. This result indicates that by “coding” the DNA with degenerate
mdicators {e.g., M, K, R, Y, W, S, B, and D}, the method can effectively detect error(s) in the
sequencing process, while the method of “decoding” the sequence can effectively correct the
error{s}. The short sequence 1o this exarople can effectively explain the error correction method
provided by the present disclosure. The modification method used in this example 1s a method with
the smallest change, and a method achieving the simplest matching of subsequent sequences. Inthe
practical application, a mathematical model may be built to achieve this change. In a realistically
practical algorithm, all the possible changes are counted based on probability. The above change
subject to the probability parameter correction 15 the most possible correct change. In one aspect,
this calculation 1s the simple application of the maximum likelihood method based on Bayesian
Scheme. In another aspect, this calculation method 1s generally a conventional mathematical
method.

[606384] By coding and decoding DNA sequences, the method can improve the sequencing
accuracy effectively if applied to DNA sequencing signals. For decoding, the sequencing signals
can be expressed as a weighted graph, for example, as shown in FIG. 1. A weighted graph 13
recorded as G (V, E, W}, wherein V is the node of the graph, E 15 the edge of the graph, and W is
the weight value of each edge {e.g., a real number). The coding and decoding process 1s explained
below, supposing the sequencing signal counted by time i 15 a,.

[00385] 1) For each signal a;, if the nucleotide provided in the sequencing reaction at the i™
tume is X, then node a; 1s drawn, and each node standing for one X base.

{00386] 2) Nodes a; are connected sequentially, namely, the first point of the node points to
the second point, and the second point points to the third point, and so on.

{00387]  3) The last point of the node has a ring pointing to itself.

[00388]  4) Ali the nodes of the i time point to the first node of (i+1)™ time.
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{BG389]  5) According to the statistical results of a large amount of sequencing data, all the
edges are assigned a weight.

{B0396] I a DNA sequence is sequenced once using M/K, R/Y and W/8 combinations,
respectively, then three sequencing signals are obtained. The three sequencing signals are then
expressed as a graph using the above method, as shown in FIG, |

{00391} The three groups of signals in sequence 5 -TGAACTTTAGCCACGGAGTA-3’
{SEQ ID NO: 2) are (including errors):

MAK: 2,3,3,1,1,3.2.1.2. 1

RY: 1,4,4,2,2.1.1.4, 1,1

WS 1,1,2,1,4.3,1,3,1,1,2

{00392] The path of the directed weighted graph is defined as one group of nodes of the
directed weighted graph, i.e., vivy . .. v, This group of nodes may be completely ditferent or some
nodes are the same (for example, v and v, may stand for the same node). In addition, there is one
directed edge pownting from vi to vi+1, wherein vi and vy are two adjacent nodes 1o this group of
nodes. The weight value used for defining the path is the sum of all the weight values i the path.
If each sequencing signal 15 expressed as a weighted graph, then each of the paths in the graph
stands for one possible BNA sequence. The process of decoding signals 1s to find out the maximum
common path of all the graphs. The specific methods used may include the exhaustion method, the

greedy method, the dynamic programming method, and the heuristic search method.

Example 5: Detectine and/or correctingSequencinge Frrors

{00393]  According to the sequencing method in Exaraple 4, 5000 DNA sequences with the
length of 400bp were decoded, and all the DNAs were divided mto 5 groups, with 1000 DNAs in
each group. According to the sequencing correction method m Example 4, the coding accuracy and

the accuracy after decoding are summarized in the table below.

Table 12: Sequencing Accuracy Rates
Group Code accuracy rate Accutacy rgte‘ after
decoding
I 0.9736 (.9917
2 (.9813 0.9951
3 (3 9878 0.9977
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‘ o Accuracy rate after
Group Code accuracy rate )
decoding
4 0.9953 0.9997
5 0.9973 0.9999

{60394] It is apparent that the coding-decoding method provided herein can effectively
wmprove the accuracy for sequencing. For example, when the error rate 1s 0.0364 (in other words,
the accuracy rate 15 0.9730), it will become 0.0083 after correction (in other words, the accuracy
rate becomes 0.9917). When the error rate is 0.0047, it will become 0.0003 after correction.
Through comparison, when the error rate 1s reduced by 7.74 times {0.0364 divided by 0.0047)
before correction, it will be reduced by 27.6 times (0.0083 divided by 0.0003} after correction. The
apparent trend from the overall data 1s that by reducing the sequencing error rate, the deduction in
error rate 1s further reduced after correction. In other words, by using the correction method
disclosed herein, any minor improvement in the sequencing method that reduces the sequencing
error rate can lead to a much more significant reduction of the error rate in the modified sequencing
data.

{B6395] The coding accuracy and the accuracy after decoding of each group are expressed
using the violin plot or the box plot, as shown n FIG. 2.

[66396] According to the features of the modified signal during coding, the sequences with a
higher possibility of being correctly decoded may be screened out, further improving the accuracy
of decoding. The number of the modified signals during decoding in each of the sequences 1s
counted based on the above data, and its frequency distribution histogram is shown in F1G. 3. The
frequency distribution histogram has following features: there is a peak on the left of the histogram,
and the frequency is distributed like a long tail on the right of the peak. If the sequences in the long
tail area are discarded, and only the sequences in the peak area are included for analysis, then the
accuracy after decoding is further improved by 2 to 10 times.

{60397] FIG. 4 shows the relationship between the number of the signals with errors during
coding and the number of the wrongly-modified signals durning decoding. The horizontal coordinate
stands for the number of the signals with errors during coding, and the vertical coordinate stands for
the number of the wrongly-modified signals during decoding. The gray scale of colors stands for
the proportion of the counted times of the point in all of the sequences. FIG. 3 shows that in most

cases, the modified signals and the signals with actual errors are close to each other, even if an error
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occurs during decoding. Therefore, this feature may be used to judge the decoding quality. fa
certain signal and its adjacent signals are not modified during decoding, then the base type

represented by the signal has an extremely high confidence level.
Example 6: Detecting and/or correcting Sequencing Errors

{B0398] In this example, a single-stranded BNA molecule whose sequence 15 to be
determined 1s fixed onto a sohid surface. The fixing methods may be chemical crosslinking,
molecular adsorption, etc. The 3' end or 5" end of the DNA may be fixed to the surface. The DNA
to be determined comprises a fragment with known sequence, which is complementary and capable
of hybridizing to a sequencing primer. The sequence from the 3' end of the segment with known
sequence to the 3' end of the DNA to be tested is the fragment whose sequence is to be determined.
In this example, the sequence (o be determined is 5-TGAACTTTAGCCACGGAGTA-3” (SEQ ID
NG: 2y

{#0399] A sequencing primer is first hybridized onto the segment with known sequence of
the target DNA. Four types of dNTP and corresponding reaction buffer solutions, enzymes and
metal 1ons are added into the reaction system. The 3' end of each type of ANTP is blocked by a
chemical group. Besides, dGTP and dTTP are each labeled with a fluorescence group in the same
color, while dATP and dCTP are each labeled with another type of fluorescence group in the same
color. In the reaction, the ANTP which i1s complementary to and capable of pairing with the base
the template DNA 1s incorporated into the nascent DNA sirand by a DNA polvmerase. After the
reaction, the residual ANTPs are washed off, and fluorescence signals are recorded using a CCD.
The above reaction 1s repeated to obtain a group of sequencing signal values: x =
KEMMMKEKMENMMMEKEMEKM.

[60406] The DNA nascent strand synthetized in the above sequencing reaction 15 then
unwound and washed off, for example, using high temperature or strong hydrophilic substances
{such as urea and formamide}. The sequencing primer 1s re-hybridized to the DNA template, and
the above sequencing process is repeated, but dCTP and dTTP are labeled with fluorescence group
i the same color, while dJATP and dGTP are both labeled with a fluorescence group n another
color. The value of this group of sequencing signals 1s obtained: y =

YRRERRYYYYRRYYRYRRRRYR
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{60461] The DNA nascent strand synthetized in the above sequencing reaction 1s then
unwound and washed off, for example, using high temperature or strong hydrophilic substances
{such as urea and formamide). The sequencing primer is re-hybridized to the DNA template, and
the above sequencing process is repeated, but dATP and dTTP are labeled with fluorescence group
in the same color and dCTP and dGTP are both labeled with a fluorescence group in another color.
The value of this group of sequencing signals 1s obtained: z =
WEWWESWWWWSSSWSSSWEWW.

{80462] The above sequencing signal values are then analyzed in view of the types of
nucleotide bases represented by the signals to obtain the sequencing information. For each residue
of the target DNA, the common base among the three signals are identified and listed below in the

table below, as the nucleotide residue in that position.

Table 13: Sequencing Results before Correction
Signal x KIKIMMIMIKIKIKIMKIMMMIKIKIMEKIKIM
Signal v Y RIRIRIRIYIYIYIYIRIRIYIYIRIYIRIRIRIR|Y R
Signal z WISTWIWISTWIWI W WIS SIS WISISISIWISIWW
Common i glatalolTiT|T 2 G 2 C|2lG 2|22 G Al?|?
base

{00463} When solving the common base in each position for the three groups of signals, there
1s no common base at several positions. This indicates that error has occurred in the sequence. In
this example, the second value of Signal Y s changed from 4 to 3, and the sixth value of Signal X is

changed from 3 to 4, then the signal will be changed to be the condition as shown in the table below.

Table 14 Sequencing Results after Correction
Signal x KIKIMIM MIKIKIKIMIKIMIMIMMIKIKIMIKIKI M
Signal v YIRIRIR| BRI YIVIVIYIRIRIYIYIRIYIRIR|IRIRIYIR
Signalz | W| S WIW SIWIWIWIWISISISIWI SISISIWISIW W
commen | rlGlAlAl |C|T T|\T AlG|C|C|A|C|GIG|A|GI T A

{00484] In the above table, changing the second value of Signal Y from 4 1o 3 1s expressed as
R with strikethrough, and changing the sixth value of Signal X from 3 to 4 1s expressed as adding an
M (inn underline and with italics). After the two modifications, there are comumon bases in all
positions of the three groups of signals, and the sequence consisting of these common bases is the

DNA sequence to be determined. This result indicates that by “coding” the DNA with degenerate
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mdicators {e.g., M, K, R, Y, W, 8§, B, and D}, the method can effectively detect error(s) in the
sequencing process, while the method of “decoding” the sequence can effectively correct the

error{s).
Example 7: Detecting and/or correcting Sequencing Errors

{00485]  In thus example, the DNA to be deternuned comprises a fragment with known
sequence, which is complementary and capable of hvbridizing to a sequencing primer. The
sequence from the 3' end of the segment with known sequence to the 3' end of the DNA 1o be tested
1s the fragment whose sequence 1s to be determined. In this example, the sequence to be determined
8 S -TGAACTTTAGCCACGGAGTA-3 (SEQ ID NO: 2).

{80466] A sequencing primer 1s first hybridized onto the segment with known sequence of
the target DNA. The reaction volume containing the template DNA molecule with the hybridized
sequencing primer is divided into three portions, which can be assayed in parallel or sequentially.
Four types of ANTP, certain types of ddNTP, as well as the enzyme and bufter solutions required
for the synthetic reaction of DNA are added into each portion. In some aspects, the added dNTP is
a natural dNTP, and the added ddNTP has a detectable label (such as one that can be detected by an
mstrument), including but not limited to a radio-isotopic label, a chemical fluorescence label, etc.
In the first portion, ddGTP and ddTTP have the same label, while ddATP and ddCTP have another
same label. In the second portion, ddATP and ddCTP have the same label, and ddATP and ddGTP
have another same label. Tn the third portion, ddATP and ddTTP have the same label, and ddCTP
and ddGTP have another same label

[#0467] These three portions are all reacted for a suitable period of time under the
appropriate conditions, durimg which the synthetic reaction of DNA occurs. After the reaction, the
reaction products may optionally be cleaned or purified. And then, DNA electrophoresis on the
three portions of reaction products may be performed. According to electrophoretic bands, three
sequencing signals can be obtamned:

% = KKMMMEKKEMKMMMKEKMKEM

v = YRRRRYYYYRRYYRYRRRRYR

z= WSWWEWWWWSESWSSSWSEWW
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{60468] The above sequencing signal values are then analyzed in view of the types of
nucleotide bases represented by the signals to obtain the sequencing information. For each residue
of the target DNA, the common base among the three signals are identified and listed below n the

table below, as the nuclectide residue in that position.

Table 15: Sequencing Results before Correction
Stgnal x KIKIMMIMEIKIKIMIKIMMMEK EIME{KM
Signal v YITRIRIRIRIYIYIYIYIRIRIYIYIRIYIRIRIRIRIYiIR
Signal z WIS|WIWIS  WIWIWWISISISIWISIS|ISIWIS|IWW
Common | pigla alo|T|ITIT|?2 Gl 2|C|2iGl2]2|2iG|la2) 2
base

{80469] When solving the common base in each position for the three groups of signals, there
is no common base at several positions. This indicates that error has occurred in the sequence. In
this example, the second value of Signal Y is changed from 4 to 3, and the sixth valiue of Signal X 15

changed from 3 to 4, then the signal will be changed to be the condition as shown in the table below.

Table 16 Sequencing Results after Correction
Signal x KIKIMM MIKIK/ KIMIKIMMIMMMEKIiMEIKIM
Signal v YIRIRIRIR|YIYIYVIYIRIRIVIYIRIYIRIRIRIR|]Y IR
Signal 7 WIS | W W SIWIW W I WISIS|SIWIS|ISISIWIS|IWIW
g;f:m‘m TIG|A A |C|TIT|T|AIG|C|ClA|C|G|GIA|G T|A

{80418] In the above table, changing the second value of Signal Y from 4 to 3 13 expressed as
R with strikethrough, and changing the sixth value of Signal X from 3 to 4 15 expressed as adding an
M (in underhine and with nalics). After the two modifications, there are common bases 1o all
positions of the three groups of signals, and the sequence consisting of these common bases 13 the

3

DNA sequence to be determined. This result indicates that by “coding” the DNA with degenerate
mndicators {e.g., M, K, R Y, W, S, B, and D), the method can effectively detect error{s) in the
sequencing process, while the method of “decoding” the sequence can effectively correct the

error(s}.

Example 8:  Seguencing by the “2 + 2. twe colers, three rounds” method

[60411] In this example, a single-stranded DNA molecule whose sequence is to be

determined 13 fixed onto a solid surface. The fixing methods may be chemical crosslinking,
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molecular adsorption, etc. The 3' end or 5" end of the DNA may be fixed to the surface. The DNA
to be determined comprises a fragment with known sequence, which is complementary and capable
of hybridizing to a sequencing primer. The sequence from the 3' end of the segment with known
sequence to the 3' end of the DNA to be tested is the fragment whose sequence is to be determined.
In this example, the sequence (o be determined is 5-TGAACTTTAGCCACGGAGTA-3” (SEQ ID
NG: 2y

{00412} A sequencing primer is first hybridized onto the segment with known sequence of
the target DNA. dG4P and dT4P (each labeled with a fluorescent group emitting a different color,
such as fluorescent group X and group Y), as well as corresponding reaction buffer solutions,
enzymes and metal 1ons, are added to the reaction to cause the sequencing reaction which generates
fluorescence signals. The sigoals are acquired by a CCD. The values of these fluorescence signals
are recorded. The reaction 1s recorded as the first reaction.

i60413] The residual dG4P and dT4P in the reaction are then washed off. Then, dA4P and
dC4P (each labeled with a fluorescent group enutting a different color, such as fluorescent group X
and group Y) are added into the reaction system to cause the same sequencing reaction as
mentioned above, and the fluorescence signal values are recorded. The reaction should be recorded
as the second reaction,

{86414] The above process s repeated. dG4AP and dT4P are added for the odd-number
reactions, and dA4P and dC4P are added for the even-number reactions. The two types of dN4P
added for each reaction are labeled with fluorescence groups in different colors. The value of a
group of signals may be obtammed: x = {(1G+1T, 2A+1C, 0G+3T, 1A+0C, 1G+0T, 1A+2C, 2G+0T,
1A+0C, 1GHIT , 1 A+0C).

{00415] The DNA nascent strand synthetized in the above sequencing reaction is then
unwound and washed off, for example, using high temperature or strong hydrophilic substances
{(such as urea and formamide). The sequencing primer is then re-hybridized onto the template DNA
The two types of dN4P added for each reaction are labeled with flucrescence groups in different
colors. The value of a group of signals may be obtained: v = (0C+1T, 3A+1G, 1C+3T, 1A+HIG,
2C+0T, TA+0G, 1CHO0T, TAH3G, OCHIT, 1A+H0G).

{00416] The DNA nascent strand synthetized in the above sequencing reaction is again

unwound and washed off, for example, using high temperature or strong hydrophilic substances
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{such as urea and formamide). The sequencing primer 13 then re-hybridized onto the template DNA.
dA4P and dT4P are added for the odd-number reactions, and dC4P and dG4P are added for the
even-number reactions, and the two types of dN4P added for each reaction are labeled with
fluorescence groups in different colors. A group of sequencing signals may be obtained: z =
{OA+IT, OC+1G, 2A+0T, 1C+0G, TA+3T, 2C+1G, TA+0T, OCHI G TA+LT).

{00417] This method is called “2 + 2, double-color” sequencing method. The sequence
mformation may be obtained from the sequencing data of any two rounds of sequencing. It may be
considered as the orthogonal sequencing resulis.

{00418} The above sequencing signal values are then analyzed in view of the types of
nucleotide bases represented by the signals to obtain the sequencing information. For each residue
of the target DNA, the common base among the three signals are identified and listed below 1n the
table below, as the nucleotide residue in that position.

Table 17: Sequencing Results before Correction

x-A Al A A A A A
x-{C C CiC
x-{3 G
<-T T T T T T

v-A Al Al A A A A A
y-L C CiC C
y-{3 G G G| G G
v-T T TiTIT T
z-A Al A A A A A
z-{C C i C
2~ G G GG G
=T T TiT| T T
Conmunon | TIGLAL ALY ’ ) '
base

»)
»]
Q
9!

2
~
~J
)
)
@]
X
>
X
~
2
~
2
~J
2

{80419] When solving the common base in each position for the three groups of signals, there
is no common base at several positions, so it can be concluded that error occurs in the sequence.
The second value (3A+1G) of Signal Y can be changed to {ZA+1(G), and the sixth value (1 A+2C) of

Signal X can be changed to {1A+3(), then the signals will be changed as shown in the table below.

Table 18: Sequencing Results after Correction
x-A Al A A A A A
x-C C CiC C
x-G G G Gl G G
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Y -A. A. /-\ i‘éf .A A A. A

y:4 G G GGl |G
y-T T TITIT T
Z-A Al A A Y N I
z-C C cicl c
z-(G
7T T
Common | T|G|A|A| |[C{T|T|{T|A[GC|CA|C|G|G|A|G|[T|A
base

!
D

Gl G

9!

{60426] In the above table, "the second value (3A+1G) of signal v 15 changed to (ZA+1G)" 18
expressed as A with strikeout, and "the sixth value (1A+2C) of signal x 15 changed to (1A+3C)" i
expressed as adding a C (in underline and with italics). After the two modifications, there are
common bases 1n all positions of the three groups of signals, and the sequence consisting of these
common bases is the DNA sequence to be determined. This result indicates that by “coding” the
DNA with degenerate indicators {e.g., M, K, R, Y, W, S, B, and D), the method can effectively
detect error(s) in the sequencing process, while the method of “decoding” the sequence can

effectively correct the error(s).
Example 9: Sequencing by the “2 + 2, two colors, tweo rounds” method

{0G421]  In this example, a single-stranded DNA molecule whose sequence is to be
determined 1s fixed onto a sohid surface. The fixing methods may be chemical crosslinking,
molecular adsorption, etc. The 3' end or 5" end of the DNA may be fixed to the surface. The DNA
to be determined comprises a fragment with known sequence, which 1s complementary and capable
of hybridizing to a sequencing primer. The sequence from the 3' end of the segment with known
sequence to the 3' end of the DNA to be tested is the fragment whose sequence is to be determined.
In this example, the sequence to be determined 15 S"-TGAACTTTAGCCACGGAGTA-3" (SEQ ID
NG: 2y

[00422] A sequencing primer is first hybridized onto the segment with known sequence of
the target DNA. dG4P and dT4P (each labeled with a fluorescent group emitting a different color,
such as fluorescent group X and group Y), as well as corresponding reaction buffer solutions,

enzymes and metal 1ons, are added to the reaction to cause the sequencing reaction which generates
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fluorescence signals. The signals are acquired by a CCD. The values of these fluorescence signals
are recorded. The reaction 1s recorded as the first reaction.

{60423] The residual dG4P and dT4P in the reaction are then washed off. Then, dA4P and
dC4P (each labeled with a fluorescent group emitting a different color, such as fluorescent group X
and group Y} are added into the reaction system to cause the same sequencing reaction as
mentioned above, and the fluorescence signal values are recorded. The reaction should be recorded
as the second reaction.

{00424] The above process s repeated. dG4P and dT4P are added for the odd-number
reactions, and dA4P and dC4P are added for the even-number reactions. The two types of dN4P
added for each reaction are labeled with fluorescence groups in different colors. The value of a
group of signals may be obtained: x = (1G+1T, 2A+1C, 0GH3T, 1A+0C, 1GHOT, 1A+2C, 2G+H0T,
1A+0C, 1GHIT LA+HOC),

[00425] The DNA nascent strand synthetized in the above sequencing reaction 1s then
unwound and washed off, for example, using high temperature or strong hydrophilic substances
{such as urea and formamude). The sequencing primer is then re-hybridized onto the template DNA.
The two types of dN4P added for each reaction are labeled with fluorescence groups m different
colors. The value of a group of signals may be obtained: v = (0C+1T, 3A+1G, 10437, 1A+1G,
2C+0T, 1A+0G, 1C+0T, TAH3G, 0C+H T, 1A+0G).

{80426] The above sequencing signal values are then analyzed in view of the types of
nucleotide bases represented by the signals to obtain the sequencing information. For each residue
of the target DNA, the common base among the three signals are identified and listed below in the
table below, as the nucleotide residue in that position.

Table 19 Sequencing Results before Correction

x-A Al A A A A A
x-C C CiC
%x-(3 G G GG &
®-T T TIT|T T
y-A AL A A A A A A
y-C C CiC C
y-G G G GLG G
VT T FTTTT T
Common | TIGIA|A[? |7 T{T{212{21Ci?2i202482472(21?21717
base
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{60427] When solving the common base in each position for the two groups of signals, there
is no common base in several positions, 50 it can be concluded that error occurs 1n the sequence.
The second value (3A+1(G) of Signal Y can be changed to (ZA+1G), and the sixth value {1 A+2() of
Signal X can be changed to (1 A+3C), and then the signal will be changed as shown m the table
below.
Table 20: Sequencing Results after Correction

x-A Al A A A A A
x-{ C CiC C
x-{3 ( G G| G G
x-T T T/ T T T
y-A. A. A ?ﬁf .A A A. A
y-{ C CiC C
y-{¥ G G GG G
y-T T T/ T T T
Common base T | GLALA CITITITIAIGICICIAICIGIGIA|GITIA

[60428] In the above table, "the second value (3A+1G) of signal Y 1s changed to ZA+1G)" 1
expressed as A with strikeout, and "the sixth value (1A+2C) of signal x 1s changed to {1A+3C)" 13
expressed as adding a C (in underline and with ttalics}. After the two modifications, there are
common bases in all positions of the three groups of signals, and the sequence consisting of these

3

common bases 1s the DNA sequence to be determined. This result indicates that by “coding” the
DNA with degenerate indicators {e.g., M, K, R, Y, W, §, B, and D}, the method can effectively
detect error(s) in the sequencing process, while the method of “decoding” the sequence can

effectively correct the error(s).
Fxample 18: Sequencing by the “1 + 3, monochrome” method

[60429] In this example, a single-stranded DNA molecule whose sequence 1s to be
determined 13 fixed onto a solid surface. The fixing methods may be chemical crosslinking,
molecular adsorption, etc. The 3" end or 5" end of the DNA may be fixed to the surface. The DNA
to be determined comprises a fragment with known sequence, which is complementary and capable
of hybridizing to a sequencing primer. The sequence from the 3' end of the segment with known

sequence to the 3' end of the DNA to be tested 1s the fragment whose sequence 13 to be determined.
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In this example, the sequence to be determined is 5-TGAACTTTAGCCACGGAGTA-3” (SEQ ID
NG: 23

{60438] A sequencing primer is first hybridized onto the segment with known sequence of
the target DNA. dC4P, dG4P, and dT4P, as well as corresponding reaction buffer solutions,
enzymes and metal 1ons, are added to the reaction to cause the sequencing reaction which generates
fluorescence signals. The signals are acquired by a CCD. The values of these fluorescence signals
are recorded. The reaction is recorded as the first reaction.

{80431] The residual dC4P, dG4P, and dT4P in the reaction are then washed off. Then,
dA4P 1s added into the reaction system to cause the same sequencing reaction as mentioned above,
and the fluorescence signal values are recorded. The reaction should be recorded as the second
reaction.

[00432] The above process 1s repeated. dC4P, dG4P, and dT4P are added for the odd-
number reactions, and dA4P s added for the even-number reactions. The value of a group of
signals is obtained: x =(2,2,4,1,3,1,3, 1,2, ).

{60433] The DNA nascent strand synthetized in the above sequencing reaction 1s then
unwound and washed off, for example, using high temperature or strong hydrophilic substances
{such as urea and formamide). The sequencing primer 1s then re-hvbridized onto the template DNA.
dA4P, dG4P, and dT4P are added for the odd-number reactions, and dC4P 15 added for the even-
number reactions. The value of a group of signals 1s obtamed: vy =(4,1,6,2, 1, 1, 6}

[60434] The DNA nascent strand synthetized in the above sequencing reaction 1s then
unwound and washed off, for example, using high temperature or strong hydrophilic substances
{such as urea and formamide). The sequencing primer is then re-hybridized onto the template DNA.
dA4P, dC4P, and dT4P are added for the odd-number reactions, and dC4P is added for the even-
number reactions. The value of a group of signals is obtamed: z=(1,1,7,1,4,2, 1,1, 2).

[60435] The DNA nascent strand synthetized in the above sequencing reaction is then
unwound and washed off, for example, using high temperature or strong hydrophilic substances
{(such as urea and formamide). The sequencing primer 15 then re-hybridized onto the template DNA.
dT4P 1s added for the odd-number reaciions, and dA4P, dC4P, and dG4P are added for the even-

number reactions. The value of a group of signals 1s obtained: w=1{(1,4,3,9, 1, 1).
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{80436] The above sequencing signal values are then analyzed in view of the types of
nucleotide bases represented by the signals to obtain the sequencing information. For each residue
of the target DNA, the common base among the three signals are identified and listed below n the

table below, as the nuclectide residue in that position.

5 Table 21: Sequencing Results before Correction
Signal x BIBIAIA/B/ BB BIABIiBIBIA/IBIBIBIiAIB|BJA
Signaly DIDIDIDICID|DIDIDIDIDCIC | DICIDIDID DD D
Signal z HIGIHIHHIBIHIHHIGIHHIHIHIGIGIHIGIHI|H
Signal w TIVIVIVIVITIT|ITIVIVIVIVIVIVIVIVIVITIV
Common |yl alalc|T|T|T|AIG 2 Clo|ololGialo 2|72
base

{80437] When solving the common base in each position for the two groups of signals, there
15 no common base in several positions, so it can be concluded that error occurs m the sequence.
The third value of Signal Y can be changed from 6 to 5, and the fourth value of Signal W can be

16 changed from 9 to 10, and then the signal will be changed as shown in the table below.

Table 22: Sequencing Results after Correction
Signalx {iBIB|AJAIBIB|B/BiA|B BIBIA|IBIiBBIAIB|IB|A
Sgnaly iDIDIDIDICIDIDIDIDIDIBICICIDICIDIDDIDID|D
Signalz {HIGIHIHIHIHHIHIH|IG HIHIHIHIGIGIHIGI{H|H
f:gnai TIVIVIVIVIT|T|TIV|V] [VIV|V VIV|VIVIVIT|V
EE?TOTGAACTTTAG ClC|A|CIG|G AIG|T|A
ase

{80438] In the above table, “the third value 6 of signal y 1s changed to 57 is expressed as D

with strikeout; and “the fourth value 9 of signal w is changed to 107 is expressed as adding a V (in

15 underline and with italics). After the two modifications, there are common bases i all positions of
the four groups of signals, and the sequence consisting of these common bases 1s the target DNA
sequence to be determined. This result indicates that by “coding” the DNA with degenerate
mdicators {e.g., M, K, R, Y, W, S, B, and D}, the method can effectively detect error(s) in the
sequencing process, while the method of “decoding” the sequence can effectively correct the

20 error(s).

Example 11: A Method of Detectine and/or ¢orrectinsSeqguencing Errors
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Section 1: Substrate Synthesis and Spectral Properties.

{00439]  General Aspects: All Anhydrous solvents were freshly distilled using general
procedure (Na or {CaH,). Reagents were used as received from commercial suppliers unless
otherwise stated. Air- and/or moisture-sensitive experiments were carried out under an atmosphere
of Argon. Mass spectral analyses were carried out with Bruker APEX IV Mass Spectrometer and
AB Sciex MALDI-TOF 5800 Spectrometer. Reverse phase HPLC was carried out on a Shimadzu
LC-20A HPLC system. Samples were dissolved in water and analyzed by analytical Inertsil ODS-3
C18 column (250 x 4.6 mm, Spm) at ImL/muin flow rate, with a gradient of B (CHsCN} in A (50
mM TEAA pH 7.3) (0-20% of B over 15 min, 20-30% of B over 10 nun).
i1 Synthesis of Terminal Phosphate-Labeled Fluorogenic Nucleotides (FPLFNs)

{00446] FIGS, 5A-C show mnproving the fluorogenic performance of TPLFNs by changing
the fluorophore structure. FIG. 5A shows previously developed Me-FAM-labeled nucleotides.
FIG. 5B shows previously developed Me-HCF-labeled nucleotides. FIG, 3C shows TG-labeled
nucleotides in this example.

[60441]  For fluorogenic sequencing purpose, fluorophores used for labeling the terminal
phosphate of nucleotides are playing the key roles. In one aspect, the phosphorylated fluorophore
must be quenched thoroughly, meaning no fluorescence emission 15 detected at certain excitation
wavelength. Once the fluorophore 1s release, however, strong fluorescence emission ntensity s
required for sufficient signal detection. Following this principal, Me-FAM was selected as the
labeling dyve molecules i a previous report (FIG. 34, see Sims, P.A; Greenleaf, W. I, Duan, H;
Xie, X. “Fluorogenic Pyrosequencing in PDMS Microreactors™ Nature Method 2011, 8, 575-580),
Later on, the chlorinated form of Me-FAM, named Me-HCF, was developed with a dramatic
bathochromic shift of the excitation and emission wavelength, which 1s eligible for multi-color
sequencing purpose {FEG. 8B, Chen, Z.; Duan, H.; (hao, S.; Zhou, W.; Qm, H.; Kang L., Xie, X ;
Huang, Y. Fluorogenic Sequencing using Halogen-Fluorescein Labeled Nucleotides.
Chembiochem, 2015, DOL 10.1002/cbic. 201500117). Despite the successtul applications, the Me-
FAM and Me-HCT (derived from FAM and HCF 3°-OH methylation) still have problems in their
fluorescence properties, as seen from the parameters histed in FIG. 5. The 3°-OH methylation {or
other protecting groups), which is prerequisite for generating fluorogenic substrate, not only

broadened the absorption and emission spectrum, but also greatly decreased the extinction
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coefficient and quantum yield, especially for Me-FAM. Therefor developing fluorophores with
better fluorogentc performance is still highly desirable.

{60442] TG (Tokyo Green) was developed by Nagano ef . Y. Urano, M. Kamiya, K. Kanda,
T. Ueno, K. Hirose, T. Nagano, Evolution of fluorescein as a platform for finely tunable
fluorescence probes, J. Am. Chem. Soc., 2005, 127, 4888-4894. T( has been shown to possess
excellent fluorescence properties. The unique structure of TG comparing with 5(6)-FAM 1s thata
methy! group was used instead of carboxyl group in the benzene motety to keep the benzene ring
and the fluorophore orthogonal to each other. Moreover, they also proved that the phosphorylated
TG has outstanding fluorogenic properties. Another convenient aspect is that the only phenol group
on TG structure will facilitate the TPLFNs synthests, since no methylation 1s needed, comparing
with the two phenol groups of 5(6)-FAM or HCF. The absence of this protective methyl group not
only makes TPLFN’s synthesis easter, but also keeps the original high extinction co-efficient and
high quantum yield properties once the TG fluorophore was released by enzyme digestion, giving
much higher fluorescence/background contrast. The detail synthesis procedure 1s described as
below:

[60443] (1) Preparation of TG-monophosphate (82}

o

POCI
.................... »
U CH,Cl,
g
P
1

{00444] Tokyo-green S1 was synthesized based on the reported procedure [Y. Urano, M.
Kamiya, K Kanda, T. Ueno, K. Hirose, T. Nagano, Evolution of fluorescein as a platform for finely
tunable fluorescence probes, J. Am. Chem. Soc., 2005, 127 488848941

[60445] ST (332 mg, 1.00 mmol) was suspended into 15 mL anhydrous CH,Cl, in a flame-
dried flask under Ar. To this solution Proton Sponge (759 mg, 3.50 mmol} was added with stirring,
After 10 min the mixture was cooled to ~-10 °C and Phosphorous(V) Oxychloride (275 ul., 3.00
mmol) was added. The reaction was kept on at the same temperature for 30 min. Then TEAA buffer
(20 mL of 1 M solution) was added to quench the reaction and to hydrolyze the phosphoryl chloride

intermediate for 1h at 0 °C. After that, the two phases were separated and the agueous solution was
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filtered and concentrated in vacuum for further purification by reverse phase flash LC system.

Conditions: AQ C-18 column (Agela 40g) using 0-50% acetonitrile in 50 mM triethylammonium

acetate buffer (PH 7.4), flow rate 20 ml/min. Fractions containing pure product were concentrated

and coevaporated with anhydrous DMF (2 mL} twice and then dissolved in certain amount of

anhydrous DMF, the resulting monophosphate 82 (100 mM DMF solution) was kept in a -20 °C

freezer for further usage. MS (ESI): Caled for CyH5G5P (M-H), 411.06. Found, m/z 411.21.
{00446] (1), Synthesis of dN4P-3-TG (TPLFN)

9 0 0 g el A T
CPOsH Base(A,3.CT)
V\( Y O \\" \/\«o ~ QP 0-P-0 PO !
OH OH O OH Ol
COM, dNTP \M/

f Tow T Ay on
J

o)
P

52 TPLFN

{60447] 1) dA4P-8-TG: 2'-deoxyadensosine-5'-triphosphate (dATP} disodium salt (12.5 ull of
100 mM solution, 12.5 umol) was converted to the tributylammonium salt by treatment with 1on-
exchange resin (BioRad AG-50W-XB) and tributylamine. After removal of water on rotary
evaporator by oil pump, the obtained tributylammonium salt was coevaporated with anhydrous
DMEF (1 mL} twice and then dissolved in 0.5 mL anhydrous DMF under Ar. To the solution,
carbonylidiimidazole (CDI, 10.1 mg, 63 umol} was added, and the mixture was stirred at room
temperature for 12 h. After that, MeOH (3.2 pl.) was added, and the solution was stirred for 0.5 h
Then TG-monophosphate tributylammoniom salt 82 (235 umol) DMF solution (6.25 ml) from the
previous step was transferred into the reaction by syringe, and MgBr; (25 mg, 100 pmol) in DMF
(0.5 mlL) was added subsequently. The mixture was stured for 30 h at room temperature. Then, the
reaction mixture was concentrated by oil pump, diluted with water, and purified on C18 reverse-
phase HPLC systern (Shimadzu) using preparative sepax Amethyst C18-H (21.2x150 mm) at 5
mbL/rmn flow rate, with a gradient of B {CH:CN)y in A (50 oM TEAA pH 7.3 (0-20% of B over 15
sun, 20-30% of B over 10 mun, 30-50% of B over 10 min). The desired fraction was collected and
concentrated using a Hi-Trap (-HP 5 mL anion exchange column (GE Healthcare). The collected
solution contamning the destred product can be purified again by HPLC using the same eluting
conditions and concentrated by Hi-Trap Q-HP column. The product solution was stored at -20°C for

further usage. MS (MALDI-TOF): Caled for CaHy NsO Py, 895.0615. Found, m/z 8841019 (M-
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H). dC4P-6-TG, dT4P-0-TG, dG4P-¢-TG were synthesized following the same procedure as JA4P-
o-TGo d04P-6-TG MS (MALDIE-TOF): Caled for CagHai N3G 0Py, 861.0502. Found, m/z 860.0732
{(M-H}. dT4P-0-TG MS (MALDI-TOF): Caled for CsHspN2GgePy, 876.0499. Found, m/z 875.0706
(M-H}. dG4P-6-TG: MS (MALDI-TOF}): Caled for CaHs i NsOoPy, 901.0564. Found, m/z
900.0903 (M-H). FIG. 6 shows MALDI-TOF mass spectrum of the purified TPLENs.

1.2.  Sspectral Properties of Fluosrophores and TPLFNs.

{#0448] The excitation/emission spectrum of TG {81} 1s shown in FIG. 7. Although Me-
FAM has similar maximum emission wavelength as TG, the extinction coefficient and quantum
vield of Me-FAM are much lower (FIG. 8). At the same time, the broad emission spectrum of Me-
FAM greatly overlapped with other fluorophores like Me-HCF, which makes it inapphicable for
multi-color sequencing application in future. Instead, the strong fluorescence and narrower
spectrum of TG will tackle the problem more easily. FIG. 7 shows the excitation and emission
spectrum of TG (Tokyo Green). FIG. 8 shows emussion spectrum of TG (Tokyo Green), Me-FAM
and Me-HCF at same condition (2 uM, pH 8.3, TE buffer, calculated with Area Normalization).
Optical Properties about TG, Me-FAM and Me-HCF are listed in the table below (also 10 FIG. §).

Table 23
Excitation max{nm} Emission max (nm) | Quantum Yield(®%) | Extinction
coefficient
TG 490 513 82% §x 10t
Me-FAM | 463 514 35% 2310
Me-HCF | 544 567 0.57 7%10°

{603449]  In the sequencing method, the substrates {TPLFNs) are required to be non-
fluorescent before incorporated by DNA polymerase. After primer extension by polymerase, the
triphosphate with the dye label still attached on it was released, and the fluorescent products were
generated subsequently through hydrolysis of triphosphate in the presence of phosphatase. FIG. 9
and FIG. 10 showed the difference of absorption and enmussion between TPLFN TG-dA4P and the
released TG fluorophore. As shown in FIG. 9, TG-dA4P would not be digested by CIP (calf
intestinal alkaline phosphatase) alone. However, once the polyphosphate chain of TG-dA4P was
broken down by either polymerase or PDE (phosphodiesterase), the remaining triphosphate chain
labeled with TG will be rapidly digested, giving free TG molecules with restored strong absorption

and emission intensity.
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{80458] The above spectrums were recorded in conditions as below:

{80451 Frirst, the spectrums of TG-dA4P were measured at room temperature. For emission
measurement: set excitation wavelength at 460 nm, scan 480 to 600 nm for emission; for absorption
measurement: scan 310 to 550 nm. Then CIP and PDE were added and spectrum was recorded
sequentially at the same condition.

{00452] The stability of TPLFNs substrates under certain aqueous conditions is also a
concern, since spontaneous hydrolysis of TPLFNs will increase fluorescence background during
sequencing reaction, which will interfere with the desired signal and decrease sequencing accuracy.
Fortunately the hydrolyzing rate of the TPLFNs substrates s extremely low even measured at 65°C,
about 2 ppm(substrate)/s, which is negligible comparing with the generated signal by polymerase
incorporation. In spite of this, in some aspects, 1t 1s preferable to store the substrates solution ina

4°C chilled holder during sequencing process and m -20°C refrigerator for longtime storage.

Section 2: Polymerase Kinetic Studies.

[004533] The polymerase kinetic assay was performed regarding to properties such as TPLFN
incorporation/mis-incorporation rate, homopolymer hinearity test and temperature dependence by
using flourometer. FIG. 11 dlustrated the proposed kinetic pathway of this sequencing-by-
synthesis process, where S is the matched substrates (TPLFNs) and 8 18 mismatch substrates; E 13
Enzyme (polymerase) and DN s primer/template paur.

[60454] Although TPLFN and template are all involved as reaction substrates, the system can
be simplified to a single-substrate reaction process, since the concentration of one of the substrates,
TPLFNs, will stay nearly constant for its large excessive amount comparing to primer/template.
Thus makes the analysis of the process much easier. As shown m FIG. 11, there are three steps in
the polymerase catalvzed reactions, mcluding: 2) binding of DNA polymerase to the
primer/template; b) incorporating the complementary nucleotide {(TPLFN}; ¢ elongation of the
nucleotide along the template. By changing the reaction conditions such as primer/template
concentration, matched or mismatched type of TPLFN and temperature, the kinetic properties of
polymerase used for the sequencing process can be evaluated.

{00455] FIG. 12 shows the polymerase {Bs#} incorporation rate differences between TPLFNs.
In order to test and compare the reaction rate, all the four TPLENs (TG-dA4P, TG-dG4P, TG-dC4P,

TG-dT4P) were adjusted into the same concentration (2.0 pM). Reactions were conducted at 65 °C
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with Bst {120 nM), single-base extension primer/template (T, C, G, A relative to the four TPLFNs},
CIP (0.01U) and pH 8.3 buffer, triggered by Mn(ll) (1 mM). Typically, the labeled polyphosphate
moiety, which was released by Bst mediated elongation, need to be hydrolyzed by CIP in order to
generate fluorescent dye molecules. The excessive amount of CIP in the reaction was tested and
verified that hydrolysis rate 1s ultrafast and will not become the rate-determining step to atfect the
Bst reaction rate observation. In FIG, 12, the observed Bst incorporation rates of the four labeled
nucleotide were 1n the order of TG-dC4P > TG-dA4P> TG-dG4P>TG-dT4P.

{80456] The four curves in FIG. 12 can be fit into function in the table below. The fitting
results indicated that the reaction system could be treated as first-order reaction regarding to
primer/template concentration. However, other than running the reactions in cuvette on fluorometer,
the actual sequencing reactions on chip will be shightly different, because all the primer/temaplates
were grafted on the surface of the chip. In order to keep each reaction cycle with different TPLFNs
being finished 1n same time scale, the reaction rate of the four TPLFNs can be adjusted into same

level by increasing the concentration of slow-going TPLFNs,

Table 24
Substrates Fitting function R*
dA4P 9.319x10°(1-¢ 7% 0.9976
dT4P 8.698% 107(1-¢ 10201% 0.9994
dC4p 8.977x10°(1-¢ 0018 0.99359
dG4p 8.839x107(1-e 0% 0.9961

{00457] In 242 sequencing, two different nucleotides are together added into the reaction
nuxture, for example “M” means dA4P and dC4P are added 1n same cycle and “K” means dG4P
and dT4P are added 10 same cvele. As mentioned above in FIG. 11, one of the nucleotides added in
mayv serve as S*, which does not extend the current template nucleoside but competes to bind Bst
with complement substrate S, 50 it is possible that 8* may decelerate the extension rate of 8.
Therefore substrates competition was evaluated by competition experiment.

[00458] In this expeniment, 100nM template-primer consisting only one paired nucleoside to

be sequenced at 37-end of template, 2 uM complement and mismatch substrates each, and excessive
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Bst and CIP enzyme were mixed together. The reaction was done under 65°C, pH 8.3 and triggered
by 1mM Mn(if}.
{60459] The results show that the reaction rate has no apparent decrease when subsirates are

added in with same concentration (see FIG, 13). This may be interpreted as below. Bst enzyme is

10 pM. See e.g.. Kornberg and Baker, DNA replication, 2™ edition, 2005, University Science

Books, page 126. Considering 1) and |

K, =5aM
2y DyE+ST—=D.ES K,=30uM
3y Dy +E+Se==D ES K, =150(nMYuM)
{80468]  Thus, concentrations of DES and Dy E are 25.6 nm and 63.9 nm, respectively. If

competition occurs, concentrations of DES 15 22.6 nM, DWES 15 11.3 nM, and DvE 15 56.5 nM.
Calculation shows that with or without competition, concentration of DES only changes slightly,
therefore reaction rate too has shight differences.

{00461}

different but can be adjusted equal by changing substrates concentration. And competition between

substrates doesn’t decrease reaction rate apparently. Thus in the present methods reaction rate in
each cycle can be set in a certain value and be adjusted to optimized lead and lag value.

{60462] The 100nM single-base extension primer/template poly-G was equally divided into
two PCR tubes, both of which were added nus-matched nucleotide TG-dG4P (2 uM), together with

excessive Bst and CIP. After the two nuxtures were bubbled with argon for 2 nun, the caped tubes

were incubated in different temperature, one in 4°Cand the other one 1n 65 °C. After 1 hour, 2 uM
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matched nucleotide, TG-dC4P, was added into both tubes and the extension reactions were all
measured by fluorometer at 65 °C. If mis-incorporation occurred during the incubation process, one
might expect to observe a different signal level from the two tubes, with the tube mncubated in 65 °C
lower than the one in 4 °C because mis-incorporation rate will be higher in 65 °C. However, results
in FIG. 13 showed that extension signals in both tubes were almost the same, suggesting that mis-
imncorporation rate of Bst over TPLFNs were in undetectable level in the sequencing conditions.

{80463] One of the challenges in the successive fluorogenic sequencing strategy is that the
homopolymer or co-polymer regions on template need to be accurately measured through generated
fluorescence signal. FIG. 14 demonstrated the primer elongation of different homopolymeric
template by Bst polymerase. The reactions were conducted on flourometer using following
conditions: 100nM/each of template poly-T, poly-TT, poly-TTTT and poly-TTTITTTT, excessive
amount of Bst and CIP, 2 uM TG-dA4P, pH 8.3 buffer. 65°C, and triggered by Mn(Il). The result in
FIG. 14 showed that the generated fluorescent signals are proportional to the consecutively
identical base numbers in a relatively broad range. Moreover, FIG. 15 showed that the hetero-
polymeric {or co-polymeric) sequences, poly-TCTCTCTC, can give the same signal level as poly-
TTTTTTTT by using dA-dG muxture mstead of just dA 1n this linearity assay.

[80464] FExcept the reaction rate, the polymerase fidehity 15 also a crucial issue in the 242
sequencing strategy, especially considering the polymerase used herein in some aspects s
proofreading deficient. The mcorporation of mismaitched nucleotide will not only decrease
sequencing accuracy, but also cause the signal decay 1 each sequencing cycle. Although fidelity 1s
mainly an inherent ability of polymerase, certain reaction conditions may still affect the
performance of polymerase to discriminate against errors. To evaluate the fidelity of polymerase, a
mis-incorporation experiment was designed, which 1s described below:

{#0465] Excessive Bst and CIP, Min{ll), 1008M primer-template with G unpaired nucleosides
on template beside 3 -terminus of primer were mixed with ZuM dC4P under 65°C ,pH &.3, the
fluorescent signal generated was 4.5+10°.

{00466] Then mixture with same concentrations of Bst, CIP, Mn(Il} and primer-template was
mixed with 2uM dG4P, and bubbled in argon to prevent Mn(H} from oxidation. Next half of the
mixture was tncubated under 65 °C for 30 minutes and the other under 65 °C for 1 hour. After

incubation, 2uM dC4P was added in both mixture and fluorescent signals generated were 4.6%10°
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and 4.5x10°. This suggests that mismatched extension is almost undetectable in the reaction system,
using Bst polymerase. The trivial signal differences were mainly caused by inaccuracy in sample
mixing. Hxtremely slow rate of mismatched extension is well preferred in the sequencing reaction,
because once a primer-template 18 mismatched extended, a substitution mutation would be
generated at current nucleoside site, changing the former duplex structure of the double strand, so
that blocks the further extension of this primer-template. In this way, mismatched extension would
eradually reduce the effective concentration of surface-grafted template array, and cause significant
signal decay in each sequencing cycle. The study here has excluded the influence of nusmatched
extension in sequencing reaction, and confirmed the high accuracy of the reaction system.

[00467] FIG. 16 showed that the extension rate of Bst 5 temperature dependent, with optimal
enzyme activity at 65°C and totally imactive at 4°C. This temperature dependency could benefit the
sequencing performance, since eventually all reactions for high-throughput sequencing will be
separated and confined in micro-reactors on sequencing chips that was developed. Therefor no
signal generation and diffusion is a crucial requirement when substrates and enzymes loaded at 4°C.
Once the temperature is raised to 65°C, however, the polymerase will become fully active and
generate signals instantly with high signal/noise ratio.

[80468] The stability of substrate TPLFNs were also measured at different temperature. The
results have shown that the higher the temperature, the greater the hydrolysis rate. But it will not
higher than Zppmy/s, which means the background generated by auto-hydrolysis 1s stifl much lower
than the polymerase extension signal. Even so, for better performance, the substrate will prefer to be

stored m cold temperature to prevent auto-hydrolysis before extension started.

Section 3: Seguencing Chip Surface Grafting.

[30469] The glass chips that were used for the sequencing are all modified by hydrogel
before oligonucleotides grafting. The modification method 1s based on the reported procedure and
described as below. See e.g., U.S. Patent No. 8,247,177.

3.1,  Hydrogel polvmer coating.

[60476] 1) BRAPA synthesis:

{68471} The hvdrogel monomer N-(5-(2-bromoacetamido)pentylacrylamide (BRAPA) was
synthesized by the following method. (FI1G. 17)
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{66472]  1,5-diaminopentane (10.2g, 0.1 mole} was dissolved in 300 mL anhydrous methanol
at 0 °C, the solution of acryloyl chloride (0.9¢g, 0.09 mol) in 15 ml anhydrous THF was dropwise
added i with stirring. After the addition, the reaction mixture was stirred for 10h. 200g silica gel
and 1% benzoquinol was added into the reaction and ali of the solvents were removed by vacuum
evaporator. The silica gel powder with chemicals absorbed on 1t were loaded on the top of a
prepared silica column and eluted with DCM/Methanol (10/1~1/1}, the eluent containing the
desired product was collected and concentrated to give 13g faint white powder, which was used
directly for next step without further purified or stored for longer time in case polymerization occurs.

{80473}  The above product was suspended in 150 mL THF (20 mL Methanol could be added
to merease solubility ), then sodium hydrocarbonate solution in water {2 equiv.) was added at 0°C.
To the mixture Bromoacetyl bromide (0.8 mole) was added dropwise at °C and the mixture was
stirred for 10h before the reaction was stopped. Then 30 mL brine was added into the solution, the
two phase was separated and the aqueous phase was extracted by 3X50 mL DCM. The combined
organic phases were dried by Na;804 and concentrated, purified by silica gel column {eluted with
EA/Methanol) to give 13.5g BRAPA as white solid. The product can be further purified by
recrystallization in Ethyl actate. Mp 102-104°C. HRMS Caled for CioHgBrN, Oy (MHH), 277.0541.
Found, m/z 277.0546. "H NMR {500 MHz, de-DMSQO) 6 8.22 (s, 1H, NHj}, 8.02 (5, 1H, NH), 6.21
{dd, J= 15Hz 10 Hz, 1H, CH), 6.07 (dd, /= 15Hz, 5 Hz, 1H, CH), 5.55 (dd, /= 10Hz, S He, 1H,
CH), 3.82 (s, 2H, CH,), 3.08 (ddd, J= 10Hz, § Hz, 4H, CHy), 143 (m, 4H, CHy), 1.27 (m, 2H, CHa).
BCNMR {126 MHz, de-DMSQO} 6 166.29, 164.93, 132,40, 12516, 39.40, 38.90, 30.05, 29.17,
28.95,24.21.

{66474]  2) Chip surface cleaning:

[68475] The glass chip with channels were cleaned using the following procedure: chromic
acid cleaning solution for 5 min, then washed with milliQ H,O thoroughly; after dried in 120°C
oven, the chip surface was treated with oxygen-plasma for 3 nmun. Then immediately used for
surface modification.

100476]  3) Hydrogel preparation:

{60477] To 10 mL 2% acrylamide in mithi) H,O, BRAPA (70 mg, in 700 pL. DMF) was
added and the solution was well mixed. The muxture was filtered by 0.22 um filter, then bubbled

with argon for 15 min. After that 11.5 p TEMED was added, followed by addition of Potassium
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Persuifate m milliQ HyO (50 mg/mL, 100uL}. The well mixed solution was immediately loaded nto
the channels of the cleaned chip and stayed for 35 min under humid argon atmosphere. Then the
hydrogel coated chip was washed thoroughly with 206 mL mulhiQ H,O.

3.2.  Primers grafting and template amplification and hybridization.

{66478] 5 -phosphorothicate oligonucleotides 10 pM PS-T10-P7 (5"~
T*T*T*TTTTTTTCAAGCAGAAGACGGCATACGA-3’, *= phosphorathioate) solution in pH 8.0
PBS buffer was load into the coated channels and stayed inside of the channels for 1 h at 50 °C.
After that, that grafted chip surface was blocked by 10 mM 2-mercaptoethanol solution in pH 8.0
PBS buffer for 40 min, then washed thoroughly with nulliQ H,O. The grafted surface 1s illustrated
in FIG., 18
3.3,  Preparation of DNA template.

ECCS Library design:

{#0479] Lambda phage genome DNA fragments (about 300 bp) were used as test DNA
oligos for preparation of the sequencing template. Lambda DNA was obtained from New England
Biolabs, USA. The complete sequencing template consisted of adapter2 (43 bp), P7 (21 bp), on the
5" termuni of ssDNA templates, and reverse complimentary strands of adapter 1 (38 bp} and P5 (20
bp} on the 3’ termunt of lambda ssDNA. Seqguences of PS, P7, adapter! and adapter2 were exactly
the same with dlumina’s, except a few bases, in order to be compatible with it
Single component Library preparation {From bacteriophage lambda):

[00488] Two-step PCR amplification method was used to prepare sequencing template. In
first step PCR, 50 ul. muxture of Lambda genome DNA (500 ng, NEB), Ist-step PCR primers
{200nm, each) and 1x Q5 High-Fidelity Zx Master Mix (NEB) in H20 was treated with the
following PCR thermal cycling profile: (i) hot start at 95 °C for 90 5; (11} 30 cycles, each composed
by 30s at 95 °C, 30s at 65 °C, 30s at 72 °C. The amplified products were then purified by PCR
purification kit (Zymo, B4061} and withdrawn into an Eppendorf tube for the second step PCR
amplification. The conditions and thermal cycling profile for the second step PCR are similar to
first step while the following primers used for the newly generated template were from above: PS-

Adpl (200 oM} and P7-Adp2 (200 nM).
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{60481] The PCR products were gel-purified and verified by Sanger sequencing with primer
P35, P7 and P58eqPl. After measurement of its final concentration, the products containing 1dentical
DNA template were stored in -20 °C fridge for further usage.

34. Library immobilization: Solid phase PCR in floweell.

{00482] The prepared identical DNA template from above were mixed together with PCR
reagents and then loaded into flowcell, which was surface grafted with primer P7 as described
above. The mixtures contains DNA template (1 nM)}, primer P35 (500 nM), primer P7 (62.5 nM),
Mg(C12 (6 mM), ANTP (0.5 mM), Platinum Tag polymerase (0.5U/mL, Lite Tech), BSA (0.2
mg/mb), PCR buffer (200 mM Tris HCI, 500 mM KC1). Solid phase amplification thermal cycles
comprised two stages with different temperature profiles. The first stage was a process of
asyrametric pre-amplification, following (1) hot start at 95 °C for 90 s; (1) 15 cycles, each composed
by 30 sat 95 °C, 15 5 at 65 -60°C gradually, 30 5 at 72 °C. Afier the asymmetric amplification, the
primer PS derived strands of templates were greatly dominated in the PCR solution. Then, the
thermal cycles of second stage solid phase PCR were conducted to mainly hybridize and extend the
flowcell surface grafted ohigo P7, the thermal cycle profile 1s: 30 cycles, each composed by 30 s at
95 °C, 300 5 at 65°C. After that, the samples were denatured using formamide to remove the
counterparts of the grafted ohigos, leaving only P7 derived strand of template on the flowcell surface.

[00483]  After solid-phase PCR, PCR solution was sucked out using pipette. Formamide was
mjected into flowcell to denature all remaining double strand DNA. Finally, chip was washed by
wash buffer (20 mM Tris-HCI buffer, pH = 8.0, 50 mM K1} to exclude remaining formarmde.
Density measurement of sohid-phase ssDBNA template

{60484]  Furst, inject 5 uM cligonucleotide with fluorescent probe (FAM-T-SeqP1} into the
flowcell and seal injection ports. The chip was then placed in a heat plate at 80°C for 2 min, and
then cooled to room temperature {or below 30°C) in 30 munutes. Wash the floweell thoroughly
using wash buffer,. Then fluorescence images of chip were taken by a fluorescence microscope with
automatic stage. Images were taken at five different positions on each lane to examine evenness and
minimize stochastic error.

[00485] Previous experiments proved that fluorescence value was positively linear correlated
with the number of FAM modified primer. For this reason, while calculating PCR product

concentration, a standard concentration curve was set firstly. By recording fluorescence values of
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lanes containing O nM (wash buffer without FAM modified primer) and 100 oM TG solution, a
standard concentration curve was established. Average intensity of these images was fit into the
standard concentration curve and then PCR product concentration came out.

{00486] Characterization of solid-phase PCR product 1s shown in FIG. 24, The top panel of
FIG. 24 shows a heatmap of PCR products density of different lanes and positions. The bottom
panel of FIG, 24 shows PCR products density of different templates.

{00487] Normally, PCR product concentration of chips, which were used to sequence, was
about 50~150 nM (2.5~7.5 fmol/mm?). Mean densities of one chip’s four lanes were roughly the
same. Templates of different lengths were executed solid phase PCR and there was no obvious
difference in density of different lengths templates. To evaluate evenness of PCR product density,
coefficient of variation {CV) was measured by calculating density values of all the imaged positions
of a chip. CV of all the chips was 0.15+0.13.

{80488] The characterized and qualified flowceell was denatured with formamide prior to
hybridization of the sequencing primer (P5-SeqP1). Then this processed flowcell was transferred to
microscope platform for sequencing,

3.8, Sequencing.

{60489] To conduct the sequencing experiment, a simple sequencing mstrument was
developed, as shown in FIG. 25 As shown in the top panel, the sequencing chip (HiSeqg 2000,
research only} is put on a temperature controller, under which is a 3-I3 translation stage used to
move sequencing chip in 3 dimensions. Above the chip s a highly sensitive CCD and 10 x
microscope. When the blue light irradiates on chip during reaction, the emitted green hight s
captured by CCD through microscope. On one end of the chip, there is a shim tube connected with
valve and pump, to import reaction buffer and wash buffer, while on the other end, the chip is
mounted to a tube to export waste liquid.

[00496] For the successive sequencing strategy, the mixture of two different nucleotides was
added into the flowcell at each reaction cycle. Therefore, the paired combmation of four
nucleotides generates three groups, each of which has two pairs of nucleotides (AC/GT or AG/TC,
or AT/GC). M/K, R/Y and W/S, were used to represent the six paired combinations, respectively.

{60491] Prior to each sequencing run, the reagents were pre-nixed and kept in two separate

bottles in chilled holder. Both of the bottles contains Bst DNA Polymerase (100 U/uL, McLab),
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Calf Intestinal Alkaline Phosphatase (0.5 U/mi, NEB), MnCh (1 mM), DTT (10 mM) in reaction
butfer (40 mM Trisbase, 40mM HN,Cl, 100 mM KCl), and one the bottles was added TG-dA4P
(BuMyTG-dG4AP (3 uM) for R, the other bottle was added TG-dC4P (2.5 pMY/TG-dT4P (5 uM) for
Y. After one sequencing run, the reagent bottles were switched to W/S, then M/K, with the same
recipe as R/Y. These nucleotides groups did not have to be added in a specific order, and any
random sequence worked in the same manner.

{00492] With flowcell mounted on the microscope platform and reagents bottles placed in
chilled holder, the automate sequencing process was performed by the following steps: (1) washed
the flowcell and reagents input system (rotary valve, tubings between flowcell and reagent bottles)
with wash butfer; (i1} wash the flowcell with wash buffer for 3 times; (111) cooled the flowcell to
4°C, loaded one of the mixed nucleotides (for R, TG-dA4P /TG-dG4P) by syringe pump through
rotary valve; (1v) warmed the flowceell to 15°C, took background fluorescent image by CCD camera
{Hamamatsu), (v} Heated flowcell to 65°C to tngger polymerase conducted nucleotide
meorporation and primer elongation, kept 65°C for 1 mun; (v1) Cooled Howeell to 15°C, took mmage
to record fluorescence signal, then back to step {11). This process was automatically controlled until
the whole template was sequenced or reached its sequencing limitation. Then the flowcell was
denatured by formamide to regenerate the single strand template. After primer was annealed, the
next round of sequencing with different group of reagent mix was performed by foliow the same
manner as above.

{0G493]  The bottom left panel of FIG. 25 15 a typical fluorogenic reaction kinetic curve,
which records fluorescent intensity in every 5 seconds. When chip heated in 65°C, the fluorescent
mtensity increases dramatically in about 20 seconds, reaching to a plateau, which means the
reaction 1s about to complete. Then the temperature controller cools to 20°C to take fluorescent
mtensity after reaction, so the fluorescent intensity rises because of temperature decline. However,
the unit signal goes down along the whole sequencing process due to dephasing problem and
templates loss. The bottom right panel of FIG. 25 depicts kinetic curves of every reaction cycles

along the whole sequencing.

Table 25: Ohigonucleotide sequences used i this section.
SEQ ID NO Namea Sequence {53}
EEQ 1D NO: 3 PE3-Ti0-B7 | TRTET®TTTTTTTCARGCAGAAGACCGCATACGR,
SEQ ID NO: 4 PS BATGATACGGCGACCACCGA
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SEQID NO

Sequence (5 —+3')

SEQ ID NG:
SEQ ID NO:

SEQ ID NO:

SEQ ID NC:

SEQ ID NO

SEQ ID NOG:

SEQ ID NG:

SEQ ID NO:

un

o2}

~J

B3
~J

3%
0

FAM-P7x
FAM-T-5eqg

CAAGCAGAAGACGGCATACGA
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCG
ATCT

FAM-TCGTATGCCGTCTTCTGCTTG
JPL FAM-TTACACTCTTTCCCTACACGACGCTCTTCCGATCT

Adpl-L10115- ACACTCTTTCCOTACACGACGCTCTTCCGATCTGTGTTCGACGGTGAGITGAGT

201 -F T

Ady CGTGACTGGAGTTCAGACGTGTGCTCTTCCCATCTCAAGCCCTGCCGCTTTOTGC
30i-r

Adpl-14418- ACACTCTTTCCOTACACGACGCTCTTCCGATCTGTCACAGCAGAGUTGLGTAAT
205-£ >

Adp2-L4418- GTGACTGCGAGTTCAGALGTETCATGCCGATCATATGAGTACGGLTGCAGCGELCCSE

—

PERIVRN, R
[eTRN o]
] o]
e
;
I
~J
i
[oe]

<

= ©
i

b

GaCe
g - GTGACTGCGAGTTCAGACGTGTCATGCGATCATATCAACCAGATAAGGGETGTTGC

ACACTCTTTCCCTACACGACGCTCTTCCGATCTACTCCGLTGAAGTGGTGGAA

GTCGACTGGAGTTCAGACCTGTCATGCGATCATATTTATGCTCTATAAAGTAGG
c

Adpl-L30501- ACACTCTTTCCCTACACGACGCTCTTCLGATCTCACTCACAACAATGAGTGEGC

500-£

- GTGACTGGAGTTCAGACCTGTCATGCGATCATATCACGGAATGCATTTITTCTG
o

Adpl-L46493- ACACTCTTTCCCTACACGACGCTCTTICCGATCTGCCTAARGTAATARARCCGA
500-£

Adp2-L4649%- GTGACTGGAGTTCAGACCTGTCATGCGATCATATGGCATAATGCAATACGTST

A

3- ACACTCTTTCCCTACACGACGCTCTTCCGATCTAAGAGCTGGACAGCGATACC

3~ GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTCATCGCTGACTCTCCGGATT

201-f T

Adp2-L10115- GTGACTGGAGTTCAGACGTGTGOTCTTCCOATCTGCTEAAARACAGGCTGAGCA
201-r

p7-Adp2 CARGCAGAAGACOGCATACEAGATACTIACGTGACTGAAGTTCAGACGTAT

Note: “*7 indicates phosphorothioate bond; FAM: 5, o-flucrescein anudite

Table 26: Template sequences used 1o this section

SEG D NO

Name

Seguencs (537}

SEQ 1D

SEQ ID

SEQ ID

NG :

NO:

NG

(%)
(e}

93]
iy

10115

-201

=1
/

1
o8

8-

-

N

L10115

5

GTGTTCCACGGTGAGCTGAGTTTTGCCCTGARACTGGCGCGTGAGATGGGGCCGACCCGAC
TGGCGTGCCATGCTTGC CGGAGTATGCCGACTGGCACCGCTTTTAC
AGTACCCATTATTTTC ' T ATGCACTTTTCCGGGCTGACGTACACC
GTGCTCAGCCTGTTTTIT
TATCGAACAGTCAGGTTAACAGGCTGCGGCATTTTGTCCGCGCCGEGLCTTCGCTCACTGT
TCAGGCLGGAGCCACAGACCGLCGTTGAATGGGCGCATGCTAATTACTATCTCCCGAAAG
AATCCGCATACCAGGAAGGGCGCTGGEAARCACTGCCCTTTCAGCGGGCCATCATGAATG
CEATGGGCAGCGA
TATCGAACAGTCAGGTTAACAGGCTGCEGCATTTTGTCCGCGCCEEGLTTC

TCAGGCCGGAGCCACAGACCECCAGTTGAATGGECGEATGCTAATTACTATC

TCACTGT
TCCCGARAAG

]
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SEG D NO

Name

Seguencs (537}

N

[

SEQ ID

SEQ ID NOG:

o
i
Q

D NG:

SEQ ID NOC:

SEQ ID NOC:

SEQ ID NOC:

SEQ ID NOC:

SEQ ID NOC:

(o8]
J

33

%)
]

-

37

38

39

~301

\
]

[
>
U
=
co

!

w
C
‘

L3730~
303
L7118~
308

L30501
-500

O
o)
3
<
w)
i

ARTCCGC ATACCA\:&:AAC GGCGCTGGGARACACTGCCCTTITC
CGATGGS CGACTACATCCGTGAGCTGAATGTGGTGAAR €
CCAARATGOTGCTGGETGTTTATGCCTACTTTATAGAGTATAR
TCTGGTTG
GTCGACAGCAGAGCTGCGETAATCTCCCCCATATTGCCAGCATGGCCTTTAATCGAGCCGLTG
ATGCTTGAACCCGCCTATGCGLEEETTTTCTTTITOTECGCTTGCAGGCCAGCTTEGGATC
AGCAGCUOTGACGGATCCGGTGTCCGGCGACAGCCTCACTGUCCAGGAGGCATTCGLGALCG
CTGGCATTATCCGETGATGATGACGGACCAL F'AL AGGCCCGCAGTTATCACGGTCATGAAL
GGCATCGOCGTGCTGCCGETETCCGGCACGCTGETCAGCCGCACGCGGECGUTGCAGCCE
aCTC
CATTTGAACATAACGGTGTGACCGTCACGITTTCTGAACTGTCAGCCCTGCAGCGCATTG
AGCATCTCGCCCTGATGAAACGECAGECAGAACAGGCGGAGTCAGACAGCAACCGGARGT
TTACTGTGGAAGACGCCATCAGAACCGGCACCTTTCTGGTGGCCATCTCCCTIGTGG A mz‘s
ACCATCCGCAGAAGACGCAGATCCCGTCCATGAATGAAGCCGTTAAACAGATTGAGCAG
AAGTGCTTACCACCTGGLCCACGGAGCGCAATTTICTCATGCTCGAAAACCTGETGTACCGGEL
TGT
GTCTTCCACCGTGAGCTGAGTTTTGCCOTGAAACTGECOGCETGAGATEGGECGACICGAL
TGGCGTGCCATCCTTGCCGCGATGTCATCCACGGAGTATGUCCGACTGGCACCGCTTTTAC
AGTACCCATTATTTTCATGATGTTCTG TATGCACTTTTCCGGEGCTGACGTACACC
GTGCTCAGCCTGTTTTITCAGCGATCCG nT_/-\_T sCATCCGCTGGATTTCAGTCTGCTGAAC
CGGCGCGAGGCTGACCAACAGCCTGAAGATGATCTGCTGATGCAGAAAGCGGCAGGECTT
&
TACTCAACCCGATGETTTG A'ZTI’\.\(‘SGT CATCATCTGACACT
GAAGACGACGCGAL TCACAAGCGTTAT
CTCCTTTEATGC CATCATATGCAG
CF”ATTCA’:’(«TC”ML CC C’}TAATA(;LGATGC’CTAA;L,A TGTCG ACGGGT
CTTGTTCGATTAACTGCCGCAGAAACTCTTCCAGGTCACCAGT . TAACAG
GTCTTCCCAGGATS ﬂ(JZ\MLS\.AA AAGAAACTGGTTTCCGTCTTY T ”GLT\JC
TTTCCAGTTTAGCAATACGCTTACTCCCATCCGAGATAACACCTTCETAATACTCACGCT
GCTCGTTGAGTTTTGATT TGC GTTTCAAGCTCAACACGCAGTTTCCCTACTGETTAGCG
CAATATCCTCGTTCTCC
ACTCCGUTGAAC GGALACCGC

"“1

e 3 e
W oRd Gl

{

ACAGACTCTGG "A"’L(J("""T
TACAAAACCGATCY

TGTAC ITCGCEGATCGCAGGTG
AARTTGCCAGTATTCTCOACGEACTCCCCOTGTCEGTACAGCERCHTTTTCCOGARCTEE
AARACCGACATGTTGATTTCCTGARACGAGATATCATCARAGCCATGAACARAGCAGCOCS
CGCTGGATGARACTGATACCGEGGETT ATATCGAACAGTCAGGTTARCAGS
GOATTTTGTCCGOGCOEGET TOAGGCCGGAGCCATAGACCGOC
GTTGAATEEGCEGATECTAATTACTAT CTCCCGARAGARTCCGCATACCAGGARGEAECET
TGEGRAACACTGCCCTTTCAGCGEGCCATCATGARTGCEATGEGCAGCUGACTACATCCGT
OAGETOAMGTEG T GARGT CT GG TOT OGO T TATTCOA AR AT COTGOTOGETGTTTAT
GOCTACTTTATAGAGCATARL
CACTCACAACANTGAGTCOCAGATATAGCCTGRTGATTCAGGCOG
GTGTTGCGOTAT

TAATCC GARACTH

CGCATTTTTATTGCT
ATGCTGAATCAATGATGTCTGCCATCTTTCAT
GGTGAATGCCGAATAATAAARAAGGAGTC
TGTAGCTCCCTG [CA CATCGTTCCTTAARAGACGCCGTTTAACA
"'(“"’”GnT"‘C: '7-\(“~GC""TZL\_A G_/-\_(“"" GGTGTGAATCCCATCAGCGTTACCGTTTCGCGGT
GCTTCTTCAGTACGCTACGGCAAATGTCATCGACGTTTTTATCCGGAAACTGCTGTITGS
CTTTTTTTGA '.["“’].‘C,C\(JAA”‘T"‘ GCCTGACGGGCAATGCTGCGAAGGGCGTTTTCCTGIOTGA
GGTGTCATTGAACAAGTCCCATGTCGGCAAGCATAAGCACACAGAATATGAAGCCCGCTG
CCAGRAAAAATGCATTCCGTG
ATAAAACCGAGCAATCCATTTACGAATGTTTGC
[TCTGCGCCGCCACAAAT GGCTGCATCGACAGTT
AGRAACGARAGAAATGATGEGTGATGETTTCCTTTGETGCTACTGOTGCCGE )
AARCAGTAANCGTCTGTTGAGCACATCCTCGTAATAAGCAGGGLCAGCGCAGTAGCGAG TI-\‘.:
CATTTTTTTCATGGTGTTATTCCCGATGCTTTTTGAAGTTCGCAGAATCGTATGTGTAGA
AMATTARAACAAACCCTAAACAATGAGTTGAAATTTCATATTGTTAATATTTATTAATGTA
TETCAGGTGCCGATGAATCGTCATTGTATTCCCGGATTAACTATGTCCACAGCCCTGACGG
GGAACTTCTCTGCGGGAGTGTCCGGGAATAATTAAAACGATGCACACAGGGTTTAGCGLG
TACACGTATTGCATTATGCC
AGAGCTGCACAGCGATACCTGECAGECGGAGCTGCATATCGAAGTTTTCCTGCCTGECT
A;&;AGCC“_:\ ATTCAGAGCTGGATGCG TGGATGGA( TCL C’CL:AT "TATCCGGTGATGAGCS
ATATCCOGGCACTGTCAGATTTCGATCACT GCGGCTATGACTACCGGC
GCGACGATGATG C'GCG’C'T"‘G‘"G"'AGT"’CZ-\_GCLGATCT‘~Ls\,TTA'L'(_:TCz T_/-\_C("T/-\T”’“L/’-\_A
TCTGAGGACGCTATGCCTGTACCAAATCCTACAATGCCGGTGAAAGGTGCCGGGACCALC
CTGTGGGTTTATAAGGGGAGCGGTGACCCTTACGCGAATCCGCTTTCAGACGTTGALTGS
TCGCETCTGGCAAAAGTTAAAGACCTGACGCCCGGCGAACTGACCGCTGAGTCCTATGAC
GACAGCTATCTCGATGATGAAGAT FACTGCGACCE f’rGCAGoGG\”AGAAAT
GCCGGAGATACCAGCTTCA ”GCTG&:L,CTGGA‘* GCCCGGAGAGCAGGGGCAGCAGGCGCTG

AATTOTTO

TTC_,

mr;..»,—:TmTA‘A e
xCTp,«Cp A
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SEQID NO Name  Sequencs {53

CTGGCGTGGTTTAATGAAC
GTCGATGTGTTCCGTGGCTGGEG
ATCACCCGCACGGTCGARAAGTCACCAATETGGCGACGTCCGTCGATGGCAGAAGATCGUA
ACGGTAACAGCGGCAACCGGCATGACCGTGAC GHCMGP‘CZ\&\_"\.t CCTCGGTEETGAAAG
CAGAGCACCACGCTGACCGTGGCCTTCCAGCCGGAGGGCGTAACCGACANGT "C“T"’CG
A

FCGATACCCGTGCCTATAARAATCCGCTTCCIGAACGGTAC
TTCAGCAGTATCGGTAAGGCGGTCGACGGCGAAGGAAG

GCGGTGTCTGCGCATAAAACAAAAGCCACCGTGTCGGTCAGTG ""A“G]\CCA’ICACCC‘
AACGGCETTGCTGCAGGCAAGGTCAACATTCCGGTTGTATCCGGTAATGGTGAGTTTGE:
GCGGTTGCAGAAATTACCGTCACCGCCAGTTAATCCGGAGAGTCAGCGATS

Section 4: Successive Sequencing Dephasing Correction
4.1,  Signal leading and lagging

{80494] One of the mevitable himuting factors for amplification-based sequencing-by-
synthests method 1s dephasing, 1.e., the loss of synchronicity of extended molecules. This
phenomenon 1s caused by unexpected addition of nucleotides {lead) or incomplete extension (lag),
and will lead to an mcrease of noise and sequencing errors. In the ideal situation, namely, that
dephasing doesn’t exist, all nascent DNA molecules have the same extension length; but when
allowing for the dephasing probiem, the nascent DNA molecules may have different extension
lengths. And the distribution of the extension lengths may get more and more dispersive as the
sequencing reactions proceed.
4.2. Virtual sequencer

421, Virtual sequencer based on MATLAB

[00495] To monitor the distribution of nascent DNA extension lengths in the sequencing
reactions, a virtual sequencer program was developed by MATLAB for the simulation of all
sequencing reactions. For a DNA sequence of length £, considered chemical reactions and their

corresponding kinetic constants are given below:

Table 27 Chemical reactions and their corresponding kinetic constants in the virteal sequencer
program
Reaction & k_y
Est + BNAy_y = Bat — BNAy_q 0.1 0.001
S5t — DNA,_, + SN 4F = Bst — BiNd,_, — SN I8 0.1 0.001

— wFiereresis i 0.01




10

WO 2017/084580 PCT/CN2016/106117

Reaction k k_s
Fhorphatass —pFluorascain & Bhosphatess ¥ p + Fluorssealn 1 0

{80496] where & =43, w.&, and

B=t denotes the Bst DNA polymerase,
8&A .y denotes the {& — 1 }-th position of the DNA 1o be sequenced,

w

S8, 48 denotes the terminal phosphate-labeled fluorogenic nucleotide which can pair with the &-th
position of the DNA,

pflucvrascate denotes the phosphated fluorescein which is not fluorescent,
Fhosphatess denotes the alkaline phosphatase,

w denotes the phosphate,

Fluworascsin denotes the unphosphated fluorescein which 1s fluorescent,

Bat— BN&, g, Bat — BN&_ — df &P erc., denote the corresponding complexes.

{80497] Initial concentrations of species used i the simulation are histed m the table below:

{66498] Table 28 Initial concentrations of species in the virtual sequencer prograr
Specie Initial Concentration
Bst DNA Polvmerase 0.5
Alkaline Phosphatase 0.1
Original DNA to be sequenced 0.05
phosphated fluorescein 0
phosphate 0
unphosphated fluorescein 0
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{80499] The virtual sequencer program reads the given DNA sequence and automatically
generates a series of chemical reactions according to the table, which are passed to the SimBiology
toolbox of MATLAB to generate the corresponding ordinary differential equations (ODEs). All
chemical kinetics used in the ODFEs are mass-action. The ODFEs are solved by the 4-order Runge-
Kutta method.

[B05068] In the first sequencing cycle, the original value of B¥&, 15 set to 0.05, and
BRA, (k> 310 0. The final values of B4, {k & 8} are set to be the original value of the next
cycle. Concentrations of other species are reset to values listed in the table By alternating the origin
value of X4 1n every cycle, the flowgram of the sequencing process was simuulated. The final
values of Fluersersin are viewed as the signal of each cycle.

{00561]  In a 2+2 sequencing simulation by the virtual sequencer program, if the
concentrations of the main dN4P specie are sufficient and there exist no impurities in the modified
nucleotides, the signals it gives out in every ¢ycle are proportional to the length of each copolymer,
and all nascent DNA molecules will have exactly the same length (FIGS. 27A-B). The sequence
used in the simulation is 1L.106115-301, and the base combination is M/K.

[B6562]  When there exist impurities in the modified nucleotides or the reaction time 13
msufficient, the dephasing phenomenon will occur and the sequencing signals are no longer
proportional to the length of therr corresponding copolymer length. By the virtual sequencer
program, the influence of impurities and reaction time on sequencing signals was assessed, and the
concentration distribution of nascent BDNA molecules was monitored. When there exist impurities
and the reaction time 13 sufficient, the leading effect 1s observed (FIGS. 27C-B). And when no
impurities exist but the reaction time 1s insufficient, the lagging effect 15 observed (FIGS. 27E-F).

422 The One Pass, More Stop principle

[00563]  In order to observe the impact of dephasing on the distribution of nascent DNA
molecule extension lengths, the virtual sequencer program was used to simulate the sequencing
reactions by ordimary differential equations (ODE). In the simulation, the molecule to be sequenced
was set to K(M ), KMM, the main nucleotide specie in the reaction solution to K (G and 7), and
mpuriiies to M (A and C). Other parameters such as reaction time and kinetic parameters are set to
estimated normal values. Tt was observed that, after the first nucleotide X 1s extended by the main

specie, the successive M 1s partly extended by the impurities as expected, causing the lead effect. If
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n=1, then the K next to M will be almost all extended by the main nucleotide species. However, this
secondary lead will quickly diminish if n>1 (FIG, 28, top panel). This One Pass, More Stop
property enables prediction of the DNA extension length distribution and development of the
following correction algorithm {see below).
4.3. Dephasing correction by flux matrix

180564] Suppose in a 2+2 sequencing run, the parameters are defined as follows: & denotes
the number of sequencing cycles; 8 denotes the number of copolymers of the molecule to be
sequenced; & is a column vector whose element &, denotes the length of the j-th copolymer; sisa
column vector whose element 5, denotes the sequencing signal of Cycle {; &, denotes the
distribution matrix, whose element &, denotes the proportion of nascent DNA molecules with ;
copolymers extended in the i-th sequencing cycle; Ty denotes the flux matrix, whose element &,
denotes the proportion of nascent DNA molecules that extend out of (pass through) the i-th
copolymer in the {-th sequencing cycle; & devotes the lagging coefficient, i.e., the proportion of
nascent DNA molecules with the same length and NOT extended by the main nucleotide species in
a given cycle; & denotes the leading coefficient, i.e., the proportion of nascent DNA molecules with
the same length and extended by the impurity nucleotide species in a given cycle; and & is a

column vector where its element

B =4 U 1
W EpEl &y

[B0385]  As illustrated 1o FIG. 27, the dephasing phenomenon leads to signal aberrations and
reduce the sequencing accuracy. An algonithm was developed to correct this aberrations caused by
dephasing, which will be discussed below i detail. FIG. 28, bottom panel, gives a summary of key
concepts and the outline of the correction algorithm. The lower and upper parts of FIG. 28, bottom
panel, are the 3D demonstration of the distribution matrix Pxar and the flux matrix Trexas,
respectively. Fach entry of & and T is represented as a cuboid, whose dimension along the
Sequence Axis is subjected to its corresponding copolymer length, Matrix £ and T can be
computed m a mutual and iterative manner, and both have positive values in and near its diagonal
and zeros otherwise. The accumulations of T along the Cycle axis are equivalent to 1, based on the

truth that, in the end, all nascent DNA strands are extended over every copolymer. The
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accumulations of T along the Sequence axis are the measured dephased sequencing signals. Matrix
D T and its accumulations along the two axes can all be cataloged in three parts: primary, lead, and
lag. The primary part is the diagonal of matrix 2 and 7, representing nascent DNA strands with the
right expected length. The lead and lag parts are the upper triangular and lower triangular parts of
matrix £ and T, representing nascent DNA strands with length greater than or less than expectation,
respectively. As is shown in FIG. 2§, bottom panel, in the first few sequencing cycles, the primary
part dominates in matrix £ T and its accumulations, and contributes most part of the sequencing
signals. However, as the sequencing cycle goes on, the primary part decreases while the lead and
lag parts increase, indicating the signal aberrations.

4.3.1. The distribution and flux matrix

{00566] The following assumptions are made: 1) no nucleotides are misincorporated in the
sequencing reactions, thus not a reason accounting for leading; 2} leading 1s caused by the impurity
nucleotides leftover from the previous cycle; 3) at most one base of each molecule will be extended
by the impurity nucleotides in one given cycle; 4) if the copolymer extended by the impurity
nucleotides 1s of length 1, 1t will be further extended by the main nucleotides, which 1s called the
secondary leading; 3) if the length of the copolymer extended by the impurity nucleotides s greater
than 1, secondary leading will not occur; 6) the secondary leading strand will not be further
extended by the impurity nucleotides. Assumption 3-6 are based on the fact that the impurity
nucleotide species are in trace amount, and are consistent with the simulation result herein by the
virtual sequencer program (the One Pass, More Stop principle).

[80507] According to the assumptions above, fora given § M, & Aand 5, D and T are

calculated as follows:

N )
i

.
£ = i-z: &{(p
— TR 3
s 3)
=5 §
N 3
£ d, {

i)
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{6G568]  For example, consider the sequencing of sequence AAGTCTGTAGGAATCACT
using combination M/K with 6 cycles, then & = {333,353 30335 Suppose the leading and

lagging coefficients are both 0.03, then the matrix & and T are:

SO 8 & o g g & & &

{f GO508 G305 Q045 & g g e g &

o - ) BERGE O04EL  SEeD & fO438 g g & &
5T ) 00025 OO0 00455 OTFES QO4F1 00387 00020 & &
} GOGEE SO045 QI3ER  GOTEF QT4%5 QO001F QOTIH  QOORE ©
SOOUEI SS0EE G0065F QA5 G043F GETRT QUI%F 00685 ©

Fy
JRSEQY DO4TE g g & & & g 3
g & S8574 00438 00429 ¢ ¢ g G ]
= § S84FE D0024 C8182 00488 Q080T Q0038 & g
i g DOREY QOUE3 OT4RT GO3F0 QUTIT gotig &
i’»@ CO03E QR0 G108 COfel OFIIY DORBE QOF0R &
= SoSed GUDD3  CA4l  GORTY  EhIT fesaa SOGFI

[00569]  Allowing for the fact that the incorporation rates and impurity content of different

nucleotides are also different, different £ and £ are used for the two sequencing mixes.
Dephasing Correction Algorithm

{06518] The relationship between & and = is as follows:

&= TR & Lk ()

[60511]  Since diraf=} <0 dira{R}, this linear equation is indeterminate, so the Moore-Penrose

pseudo-mverse and an tteration algorithm are used to get the munimum norm solution (FIG. 29):
¥

ERE Y

Py

1. Let fge Ej;

%

A
¥ L §

2. Calculate matrix & and T according to Formula (2) and (3).

3. Lethy « TT(hi.e.A)s, where T is the pseudo-inverse of 7.

B

i) 1s the round operation. Return hq if they are equal If not,

k%

4. Compare [&gl and {8}, where
move to Step 5.

W

Let &g & &g Move to Step 2.
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{66512]  FIG. 29 shows a simplified flowchart of the dephasing correction algorithm. Briefly,
the algorithm adopts an iteration method to refine the sequencing signal until 1t converges.
Typically, the tteration will stop n less than 5 cycles. One example of its application to real
sequencing data is shown m FI1G. 36, FIG. 38 15 a demonstration of the refinement process during
the iteration of the dephasing correction algorithm.

4.3.2. General solution to equation

{60513] The relationship between & and =15 as follows:

[00514] Since dim{s} = dim{k}, this hnear equation is indeterminate and there exist infinite
number of solutions which all exactly satisfy the equation. And the general form of these solutions
can be given below:

o
3

: i < e " &
B=T%+ - T lhw=

A

Rw (5)

{00515] Where § 15 1identity matrix and w is an arbitrary vector. In the dephasing correction
algorithm, w is set to zero vector. The term 8 = § — T is examined to see what effect it will has

on &. The sequence 1s set to be L10115-301, base combination to M/K, lead coefficient to 0.007,

lag coefficient to 0.005, sequencing cycle to 100, and found that entries in ® between Row 1~99,

Column 1-99 are so close to zero { ~10‘16) that they can be seen as calculation errors (FIG, 31,

which shows the values of matrix B =  — TITF), thus k& is de facto determinant except for the last

element.
4.3.3. The robustness of dephasing covrection algovithm ~ condition number
{86516] The Moore-Penrose pseudo-inverse matrix is used in the dephasing correction
algorithm. For the flux matrix T, the condition number 1s defined as:
cond{T} = FPRRTTR (6)

(005171 A large condition number implies that small errors in the entries of T can lead to

huge errors in the entries of the solution. The influence of dephasing coefficients on the condition

number of T was evaluated. Sequence adopted were poly{AG) (AGAGAG. .}, poly(AAGG)

ey
o]
~J



[V

[8]
<

WO 2017/084580 PCT/CN2016/106117

{AAGGAAGG. ), L718-308, 1L.4418-305, L.9730-303, and L10115-301, and the base combination
was M/K. The leading and lagging coefficients used for evaluation were 0, 0.01, 0.02, 0.03, 0.04,
0.05, 0.06, 0.07, 0.08, 0.09 and 0.1. For each sequence and dephasing coefficients, the flux matrix
7 according to formula (3} and its condition number according to formula (6) were calculated. FIG.
32 shows the logarithm of the condition number at different dephasing coefficients. In all the
sequences except poly(AAG(G), increased leading or lagging coefficient both leads to the increase
of condition number, indicating the more the molecules dephased, the worse the correction would
be. However, in sequence poly(AAGG), whose DPLs are all equal to 2, increased leading
coefficient leads to the decrease of condition number. This implies that long DPLs (with length >2}
have a significant retardant effect on dephasing.

4.3.4. Algorithm robusiness
A) Impact of dephasing coefficient deviation on signal correction

[00518] The dephasing coefficients are obtained through fitting signals of reference
sequences and are used for correction of other unknown sequences. In ideal cases, the dephasing
coefficients are identical for both reference and unknown sequences. However, shight differences
mevitably exist between the two groups due to random reasons. Thus 1t is necessary to test how
many errors it will produce in the dephasing correction 1f the coefficients are inaccurate. 100 DNA
sequences with 370 bp were randomly generated, and their dephased signals in given dephasing
coefficients were calculated and corrected using different but very close coefficients. The base
combination 1s set to M/K, the sequencing cycle number 18 150, and the tested given dephasing
coeffictents are 0.001, 0.005 and 0.010, respectively. Since the correction algorithm will produce
errors in the last few cycles even with accurate dephasing coefficients, the difference of error
numbers between using accurate and maccurate dephasing coefficients is used to characterize the
performance, whose average 1s iHustrated in FIG, 33, which shows the impact of dephasing
coetficient deviation on signal correction. The star in each panel dictates the position of the
accurate coefficient, and the color bar 1s mited to range 0~5, so any error number greater than 5 is
shown as deep red. The results show that the more the dephasing coefficients deviate, the more
errors it will produce, and the tolerance to deviation of leading 1s relatively greater than that of
lagomg.

B) Tolerance to global noise
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{66519]  The sequencing signal noise may come from out-of-focus imaging, CCD imaging,
fluid or instability or anomaly, efc. The impact of global white noise on dephasing correction was
examined. A 2+2 sequencing run with 220 cycles was first simulated by the virtual sequencer. In
the simulation, the sequence was set to L&8703-1012, base combination was M/K, the reaction time
was 130, and the concentration of the main specie and impurity were 2 and 0.002, respectively. All
the signals in the simulation with white noise were added and corrected using the algorithms
described above. When the standard variation o of the white noise was 0, the algorithm fitted the
signal precisely {with correlation 0.9996) and there was only 1 error in the corrected signal (Cycle
219). However, when 5=0.01, the algorithm was also able to fit the signal well (with correlation
0.9994), but more errors occurred in the corrected signal (Cycle 1~162 were error-free, and 10 error
cycles from Cycle 163 to Cycle 220). And the corrected signal was even less precise when 6=0.02
(Cycle 1-148 were error-free, and 27 error cycles from Cycle 149 to Cycle 220). These results
indicated that global white noise will reduce the accuracy of the corrected signal and make the latter
cycles error-prone.

[60526] The number of error-free cycles after dephasing correction under given dephasing
coefficients and global white noise was next examined. The dephased signal according to Formula
{4y was calculated, white noise was added, and the signals were corrected using the algorithms
described above. The sequence used n the simulation was laml, the base combmation was M/K,
the number of sequencing cycle was 500, and each condition {a given dephasing coefficient and
standard variation of the white noise} was repeated for 100 times. The term mamber of error-free

cycles was defined as nge f the first error in the corrected signal oceurs in Cyele (e + 13 When
the dephasing coefficient 15 as low as 0.30% and o = §.84, only about 30 cycles are error free, but

all errors are corrected after correction. As the dephasing coefficient or the noise increase, the
number of error-free cycle after correction also decreases, but still at least 3 times than that before
correction (FIG. 35, which shows the number of error-free cycles after dephasing correction under
given dephasing coefficients and global white noise.}. These results demonstrate the effectiveness
of the correction algorithm in increasing the length of the read and the negative effect of noise on
read length.

Cy Tolerance to spike noise
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{60521] The effect that a signal in a certain cycle was abnormal was also examined. The
dephased signal s according to Formula (4) was calculated and corrected to & Then the signal was
enthanced in a certain single cycle with given spike and got the varied sigoal §, and corrected 5, to
i, The sequence used in the simulation 1s £29732-497, base combination is M/K, the number of
sequencing cycles 18 220, the spike tested were 0.01, 0.1 and 0.5, the dephasing coefficients tested
were 0.001, 0.005 and 0.01, and the cycles adding spike were Cycle 1, 25, 56, 75, 100, 125, 150,
175 and 200. In the case of dephasing coefficient 0.01 and spike 0.5 (FIG. 364), the same spike
causes more severe disturbance in latter cycles than that i former cycles. If the spike 13 added to
Cycle 200, the maximum difference between &, and & can reach 47 5, despite a small spike of 0.5,
In addition, adding a spike in a single cycle will cause aberration of &, in adjacent cycles. Similar
phenomenon 1s observed in other conditions.

{00522]  The heat map of the maximum of [k, — & in each condition was plotted and the
range of the color map was set to [0, 1] (FIG. 36B). The maximum of [k — k! increases when

either dephasing coefficients, the added spikes or the cycle number increases. These results
mdicated that as the nascent DNA lengths get more dispersed in the sequencing, the signal is less
robust to noise as the abnormality of sequencing signal in one cycle will lead to deviation in more
adjacent cycles of the corrected signal.

4.4. Dephasing coefficients determination (fitting)

{80523] The leading and lagging coefficients can be estimated from the sequencing results of
reference DNA molecules, 1 e, molecules with known sequences.
{00524} For a given copolymer length array &, leading coefficient € and lagging coefficient 4,

the sequencing signal will be:

=T 8 0k (4
{B6525] Let F be the array of raw fluorescent signals directly collected by the CCD of the

SEY N . . . .
sequencer, and &%, 8% be the parity split of 5, ..,

=
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[008526]  So the relationship between f and 3‘(1‘* s
- £ & % N AR
: B ) 5 e g an

where @, & ¢ & and ¢ are the unit sequencing signal, the decay coefficient, the signal offset for the
two sequencing mixes and the white noise term. And € 18 an array recording the cycle numbers, te,

= {13 wes ‘:QT

[60527) Soforany given k, ¢ and £, 5 can be calculated and aset of g, &, ¢ and « can be
10 found that best fit formula (5). The best £ and A are then determined by the gradient descend

strategy. The whole aig@rithm 18]

G

1. Define ¥ = {83} Define function FLx) as follows: calculate s according to & and & by Formula

{(4), find &%, &%, ¢® and € that best fit Formula (11} using esther trust region reflective or

Levenberg-Marquardt algorithm; calculate F=av-

& \

15 the Pearson correlation coefficient between f and £ as the function value of Fini.
2. Set the original value of £ and & to g5 = J; = 08, or any other reasonable value. Set step length

¥q and ¥, to arbitrary small positive numbers, say 0.01.

3

5
3. Consider the sequence %, a8 2%, quch that

(12)

(13)

S5 2 @3 e gnd use
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4. Stop tteration if [F{xiMY} — Pyl ar g, where € 15 an arbitrary small positive number, say 107

6

[00528] If ditferent dephasing coefficients are considered for each sequencing mix, then x is
defined as & = {&y, 8, 44,44} instead, and the rest can be done in the same manner.

4.4.1, Cogefficient changing trajectory; Summary of dephasing coefficients; and
Relationship hetween dephasing coefficients and sequencing reaction time
Coefficient changing trajectory

{80529] In one typical sequencing round, the fluorescent signal was fitted to the DNA
sequence using the dephasing coefficient estimation algorithm, and the changing trajectories of each
coefficient 1s depicted in FIG. 37A, which shows the changing trajectories of each coefficient in the
dephasing coefficient estimation algorithm. X label: iteration times. All coefficients are convergent
to constant values during the iteration, implyving an accurate estimation of the coefficients.
Summary of dephasing coefficients

[B0538] The dephasing coefficients n all sequencing rounds were counted and sumimarized
in FIG. 37B (dephasing coefficients. Error bar: standard variance). The symbola, b, cand d in
Formula (11) are termed as unit, decay and two offsets.
Relationship between dephasing coefficients and sequencing reaction time

[B6531] To exanune the relationship between dephasing coetficients and the sequencing
reaction fime, five 242 sequencing runs were performed successively mn the same lane, increasing
reaction time from 155 to 90s every run. The DNA template in the experiment 18 1.4418-305, the
base combinations are all M/K, and the numbers of sequencing cycle are all 40. The sequencing
signals of each run was fitted using the algorithm described above, and found that increased
reaction time leads to the increase of leading coefficient and the decrease of lagging coefficient.
The final reaction time for the other sequencing experiments is adopted to be 60s, allowing fora
trade-oft of both leading and lagging coefficients. FIG. 37C shows the dephasing coefficients
under different reaction times.
Section §: Decoding
5.

i.  Characteristics of different sequencing flowgrams
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8.1.1 Information entropy of DNA
{B0532] Forasufficiently long DNA molecule of length d, if the type of each base 1s

mdependent and the probability of the occurrence of each type of base 1s equal, 1.¢,,
F{position= L base = f} = %, FE{4,C.6. T}
Then the Shannon entropy of this DNA molecule 15
Hoxs =4 ~§§9g24 = 2d bits

5.1.2 Information entropy of pyrosequencing

{00533]  In this example, the term “degenerated sequence of a DNA molecule” is used to
describe the sequence which has the same order of nucleotide type but whose homopolymer lengths
are all equalto 1. For example, the degenerated sequence of "ATTCCCG s "ATCG .

[00534] In thus example, the term “dark cycle” 15 used to describe a reaction cyclein 1 © 4
sequencing of which the signal intensity 15 0.

[66535] Consider a 1 x 4 sequencing process with flowgram (T, C, A, G T,C, A, G, ...}
Without loss of generality, suppose Cycle 1 1s not a dark cycle and the nucleotide delivered 1s T.
The type of second homopolymer would be etther C, A or 5, with equal probability of 1/3. If the
second homopolymer s C, Cyele 2 would not be a dark cycle. If the second homopolymer is A,
Cycle 2 15 a dark cycle and Cycle 3 1s not. If the second homopolymer is (5, Cycle 2 and 3 are both

dark cycle and Cycle 4 is not. So the probability distribution of the number of dark cycles between

X . p
two non-dark cyeles Naart is as follows:

[N

Ndm“?; O I

173

Wy
—
w3

Probability 1/

a4
<

[6065336]  So the expectation of N pon 18 BNy = 8 X : +1ix % + 2% % = 1. Namely, the
ratio of number of non-dark cycle and dark cycleis 1:1.

{80537] The probability of signal intensity ¥ in a non-dark cycle 1s:
3

{66538] The average signal intenstty of a non-dark cycle (expectation) is:
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{60539] Because the ratio of number of non-dark ¢ycle and dark cycle s 1:1, the average

signal intensity {expectation) of arbitrary 1x4 sequencing cycle 1s:

x

E‘"l'?{-% = (L;-};.g. + Q}f 2= §

[60540] The expected cycles for sequencing through a DNA molecule with length € is:

d
N};Xé = 3 - = 1;5&%
Exd

{00541] The Shannon entropy that a single signal of a 1x4 sequencing is:

Hoxag _ %
Hyg = m =3 bits
{00542] Notice that if considering a single signal of a 1x4 sequencing without any prior
knowledge of its previous cycle, the probability of signal intensity 1s:
12 =0
Bslx=i3=4_3

3

{60543] The average signal intensity remains the same:

1W= &-E-?zl

2
Iz {%} =3 b

{#0544] But the Shannon entropy turns out to be:

oo

g i, 1 -3 3 ﬂ 71

.__

3

{00545] And:
Hyoq XNy o = 2,318 > Hpya
[08546] This counterintuitive phenomenon s due to the fact that the signal intensities of each
cycle in the same 1x4 sequencing run are not independent, thus their Shannon entropy cannot be
simply summed up together.
5.1.3 Infermation entropy of ECC sequencing (monochromatic)
{00547] The probability of signal intensity ¥ in 242 sequencing is:

Pm{x = i} = 5

{00548] So the average signal intensity of 2+2 sequencing is:
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ben= ) =2
=1
[00549] The Shannon entropy of a single mono-color 2+2 sequencing signal 1s:

oo -
= logs &%
H, = z 2% = 2bits

=1

{60558]  Therefore, one round of monochrome sequencing provides an amount of information

2 x %= dhits.

5.1.4 Information entropy of ECC sequencing (dichromatic)

{00551]  The probability of signal intensity {x, ¥} in 2+2 sequencing 1is:

1 €Ly €y
O .f S o
Pulx=ty=4= T A

{00552] The Shannon entropy of a single dual-color 2+2 sequencing signal is:

) 33731 hits

{00553]  Given the fact that the average signal intensity of successive sequencing is 2, it takes
d /2 cycles to complete the sequencing. Therefore, one round of two-color sequencing provides an
amount of information3.3731 X & = 1.6865d bits.
5.1.5 Difference of sequencing reactions required fer the three rounds of ECC
sequencing
{00554] It takes different number of cycles for different base combinations to sequence the
same molecule. For example, for sequence "ACACA’, 1t takes S cycles to extend the whole
molecule for R/Y, but only 1 cycle for M/K. 10000 different DNA sequences with length 100bp
were randomly generated and the sequencing cycles 1t takes by the three base combinations, M/K,
R/Y and W/S, were calculated. FIG. 87 shows the distribution of the range of cycles by the three
base combinations. The average of the range 1s 8. 43, which 15 mndicated by the red vertical bine.
5.2 ECC decoding algorithm
3.2.1 Graph representation of signal
[B0555]  Let the homopolymer lengths of the DNA molecule to be sequenced 1s k, and the

signal {after the dephasing correction) in the ECC sequencing be § = {8, Sy, .+ 8 }. Suppose in

133
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Cycle i, the probability for &; given signal s5; 1s P{lis;). So the signals can be represented as a
eraph described below.

[B0556] For each signal s; in 5, represent it with s, nodes. For each node representing signal
s;, draw a directed edge from the j-th node to the {§ + E}-th node, f = .2, ... 8. Draw a directed
edge from the 5;—th node (the last node) representing signal s; to itself. Draw a directed edge from
every node representing signal s; to the first node representing sqy.

[80557] Fach node in the graph can be labeled 1 or 0 according to the nucleotide species
delivered 1n this cycle.

[B0558] Next the weight of a path in the graph representing the sequencing signals 18 defined.
A path 1s defined as a series of nodes v ¥y ... ¥, 1t Which for every adjacent nodes 1, and vyag,
there 1s a directed edge from w10 ¥ .. It 1s allowed that vy and vy, are the same node, and in
this case they are the last node representing a signal of a certan cycle.

[B0559] I in path w7, o By, VaProg - Pra, are all the nodes representing signal 5, then
these nodes are all assigned with weight P{¢s:} The weight of the path v ¥, .. ¥ 1 defined as the
product of weights of all its nodes. For computation convenience, the weight of a node can also be
assigned as the logarithm of the probability, and the weight of the path is adapted to the sum of all
its nodes, respectively.

{B0566] A path of the graph represents one possible DPLs from the sequencing result, as
shown in FIG. 1. Specifically, the edge from the last node representing »; to ttself represents the
msertion, and the edge from node representing s; except for the last one to the first node
representing s;.q represents the deletion.

{80561] For a DNA molecule, 1t 1s sequenced with base combiation M/K, R/Y and W/S in

order to obtain three signals. Fach of the three signals can be represented as a graph as described

LSV R 03 B0 5 B ¢ TR
o B, BT L8 o

R.a'} are paths from the three graphs

above. Suppose vt ,and BBy

. e . ¢ AL .
respectively and have the same length K «f the parity check of [\‘5}}2‘}3 L(‘*‘mia} 1s true for all
k=12, ...K, then these three paths are called a common path for the three graphs. And 1t1s
obvious that the decoding problem 13 actually to find the common path for the three graphs with the

maximal weight (maximum common path, MCP}.
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8.2.2 ECC decoding by dynamic programming
Terms in this section:

{00562] Codewerd space and node. A 3D discrete space in which element index 1,1,k (1, 3,

keN), called a Node, represents the codeword comprise i-th bit of round 1, j-th bit of round 2, and

k-th bit of round 3. Codeword space, in compare with BS({ degenerate sequence }, records every
possible codeword aligment in an intuttive way.
[00563] Jump: a one-way link between bit to bit.
[#0564] Connection: a directional link between node to node. A Connection comprises three
Jumps on different rounds.
[60565] Parity of node: 13 the xor value of three bits of the node.
Preparation of necessary variables
[60566] Preprocess the binary siring {degenerate nucleotide sequence) into query tables,
assuming the max length of three binary strings 1s N
[00567] BS {bmary string}, a 3*N Boolean matrix, is the binary version of sequencing data.
Value 0 {or 1) stands for a degenerate base. For example:
[0,0,1,1,1,0,0,0,1,0,1,1,1,0,0,1,0,0,1,0,0;
01.1,1.1,00001,1.001.01.11.10.1;
1,0,1,1,0,1,1,1,1,0,0,0,1,6,0,0,1,0,1,1,0;]
[60568] NS (cycle number sequence}, a 3*N integer matrix, record the cycle number in
which the binary bit (degenerate base) is read out.
[1,1,2,2.2,3.3,3,4.5.6.6,6.7,7.8,99 10,11,11;
1,2222333344,556,788%.8.9,10;
12.33.4,5.5,5,5,6,6.6,7.8,88910,11,11,12]
[00569] DPL (degenerated polymer length), a 3*N integer matrix, recorded the DPL of the
read out cycle

12,2,3,3,3,3,3.3,1.1,3,3.3,2.2,1.2,2.1,2.2;

[y
[
~J
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14444444422221 1444411
1,1,2,2,1,44443331,333,1,1,22,1:]
{80578] These tables allow easy query of ¢ycle and DPL information of a bit. Different cycle
number indicates two different bit are from different cycles. DPL 15 an iput for score function of
5  dynamic programming. For example, cycle number of 11th bit of round 1 1s CNS (1,11} =6, and
the DPL (monomers in this cycle} 1s DPL (1,11} =3.
{00571]  Initialize alignment variables,
[06572] SCORE = numeric matrix, size N*N*N, default NaN
CONNECTION = node matrix, size N¥*N¥N
16 ROUTABLE = Boolean matrix, size N*N*N, default False, except Routable(1,1,1) = True
Query ROUTABLE(node) 1s True means this node has connections back to node(1,1,1).
STEP = 3-element tuple matrix, size N*N*N, default (0,0,0}, except Step{1,1,1) = (1,1,1}
[68573] The 3-eletment tuple of STEP{node} record the number of already-counted bits in

this cycle, of the three round of sequencing. STEP value increase by 1 per connection within cycle

J—
(]

and reset to 1 10 new cycle. When jump cross cycle, STEP value is taken as corrected DPL value,
{66374] Pscudocode of the alignment process
# constructon of SCORE and CONNECTION raatrix
FORLinil, 2.3, .., N]
| FOR each Node in all nodes of Layer L
20 || # Node traversing has a specific order, See supplement iliustration,
i ] # Vanable Node = (i, j, k}
{ | IF parity(Node) == 1 THEN
I | | ## Finding all routable parent nodes to Node
| FOR Rin[l, 2, 3}
|| st jump index{(®) <- find all possible jumps to bit K of Node
| | # Detailed rules see supplenient illustration
I ENDFOR
FOR 1 in list_jump index(l)
| FOR jj in hist jump_index(2)
|| FOR kk in list_jump_index{3)
[ |1 PNode <-(ii, §j, kk)
{IF ( ROUTABLE(PNede) == 1 ) and { PNode 1s not Node ) THEN
i | append PiNode to list_PNode
| ENDIF

I
P
|
P
I
I
30 1
K
N
N
N
N ENDFOR
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| ENDFOR
ENDFOR

iF list_PNode 1s not empty THEN
i Routable(Node) <- Tme
I FOR each PNede in list PNode

| | jump score <- {0, 0, O}

| FORRin[l.2, 3]

Fi] jump score(R) <- 0

| | Eise

| i | DPL_cor <- STEP(PNode)}(R)

| 1| jump_scow(R} <- log{ Probalulity(DPL_corDPL_obs) )
| | ENDIP

| ENDFOR

ENDFOR

Score(Node) <- max score

Connect{Node} <- PNode

# give value to STEP(Node)

FORRin{i. 2,3}

| TF CNS(PNode(®R)) == CNE(Nede(R)) Then
| 1 STEP(Node)R) <- STEP(PNode with max score) -+ 1
| ELSE

| { STEP(MNode}(®R} <~ 1

| ENDIF

ENDFOR

| ENDIF

| | ENDIF

| ENDFOR

ENDFOR

| PNode = PNode with max score in list connection_score

# Trace back the optimat path fror SCORE and CONNECTION
MNode <- node with max score on L-th {ayer

WHILE Node isnot {1, 1, 1] THEM

i append Node into Path

| Node <- CONNECTION(MNode)

ENDWHILE

139

# Traversing all possible parent nodes to Bilter the local optimal one.

| List_conuection_score(PNODE) <- sum(Jumyp_score) + Score(PNODE)

PCT/CN2016/106117
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append (1, 1, 1) info Path
Path <- reverse Path

{00575] Parity(nede) checks the parity of node. The binary value of node(s, 3, k) are taken
from BS(1,1), BS(Z,1), BS(3 k). Calculation the xor of the three buts.

[#0576] Lavers and traversing. L-th Layer of codeword space contains all nodes within box
(L, L, L] and not i box [L-1, L-1, L-1]. Take the 5th layer as an example. There are 61 nodes on
this layer. Traversing order must make sure that each node (indexed {3, 3, k]) can be connect from a
traversed node (indexed [11,53,kk], 1<, 33, and kk<=k). FIG. 38 shows one possible traversing
order - example of layver and node traversing order for score matrix construction.

8.2.3 A hidden Markov model of ECC decoding

[88577) Analog to its application to sequence alignment, the hidden markov model can also
be applied to the signal decoding problem. Three symbols were introduced to describe the states:
match (my, star (*) and gap (-). A signal with intensity @ 1s represented as @ matches. If the wdeal
stgnal ntensity 1s b and B > a, then (& — @) stars are added right after the @ matches. And if & < g,
then {& — b} gaps are added in the two orthogonal position of the last matches representing the
signal. For example, the ideal DPLs for sequence TGAACTTTAGCCACGGAGTA 1 the three
base combinations are:

MK 0,2.3.3.1,1,.4,2,1,2.1;

/Y 0,1,3,4.2.2. 1.1, 4.1, 1;

WS 1,1,21,43,1,3,1,1,2

{00578] And the measured DPLs in the experiment are: {bolded and underhined numbers
indicate errors)

MK 0,2,3,3,1,1,3,2,1,2, 1

RIY:0,1,4,4221,1,41,1;

WS 1,1,2,1,4,3,1,3,1, 1,2

[80579] The decoding-corrected signals using the representation method described above are:

M/K: mmmm-mmmmnutinmm® mmniumm

R/Y: mmmmmmmmnmmsmoimmmmmnmm

W/S: mmmm-mmmm oo mmmm

[B6386] Tt 1s obvious that the alignment of signal M/K, R/Y and W/S can be viewed as the

transition process of the following aligned states: (mmm}, (mmm), (mmm}, (mmm), (-m-}, {mmm},

140
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{mmm), {mmm), (mmm}, (mmm), {mmm), {mmm), (mmm}, (mmm), Fmm}, (mmm), (mmm),
(mmm}, {(mmm)}, {mmm), (mmm). This mspires us to use the hidden Markov model to describe the
signal alignment.

{00581]  In general, the overall hidden states of the model are: (mmm}, {(m--}, (-m-}, (--m},
{(Fmm}, (m*m), {mm™), (m**), (*m*), and (**m). Each of the states except for (m--), (-m-~}, and {(--
m) will emit a nucleotide, whose type 1s deternuned by the corresponding sequencing signal types.
States {m--}, (-m-}, and {--m} will not emit any nucleotide. 1 million DNA reads were simulated to
count the probability of state transition (FI1G. 59), and the Verteb: algorithm of this hidden Markov
model would be an alternative implementation of the ECC decoding algorithm. FIG. 59 shows the
state transition network of the hidden Markov model of ECC decoding. Width of the edges
represents the magnitude of transition probability.

5.3 Other ECC decoding resulits
[60582] Exemplary decodimg results are shown 1n FIG. 61
5.4 Simulation of decoding under different raw accuracies

[B0583] To further mvestigate the capability of ECC decoding in enhancing accuracy,
decoding under five different levels of raw accuracies, each with 10000 DNA sequences, were
simulated. Two parameters y and & were used to generate the probability matrix P, whose entry Fy;

denotes the probability of a DPL with length { to be sequenced as length 7, following the steps

below:

[06384] 1. Foreachentry By m P, let g = 2. ¢+

O YI® e { g by
{00585] 2. Let ¥{x; jt. o) be the probability density function of normal distribution, i.e.,
o s £Eo

¥ pa?) == 2 then Py = N{IE 0.0},
EF Rl pie? E \fﬁ > i ¥ 3 R x,E ¥ e &

{B0586] 3. Normalize P such that the sum of each row all equals one.

[00587] Inthe simulation, y s setto 1.6, 1.7, 1.8, 2.0 and 2.1, respectively, and & s set to 0.1,
The overall raw accuracies under these parameter settings are 97.42%, 98.34%, 98.97%, 99.64%
and 99 80%, respectively. Using the same 10000 random 400 bp DNA sequences, their theoretical
DPLs were calculated, randomly modified to new values according to the generated probability
matrix P, and rectified using the decoding algorithim. The score function used m the decoding

algorithm 1s subjected to their respective probability matrix P, If two of three successive DPLs of a
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DNA sequence are modified by the decoding algorithm, this DNA sequence 1s discarded due to
high possibility of error decoding. The accuracy of sequencing is defined as follows: ifa DPL with

— &t
f—§

length 7 1s sequenced {(or decoded) as length j, then the accuracy of these { bases in this DPL s
The distribution of accuracies of the first 300 bp of the BNA sequences were calculated before and
after decoding, and a significant accuracy shift after decoding (FIG. 68) was found, indicating the
power of the decoding algorithm. FI(. 68 shows simulated distribution of accuracy before and

after decoding.

Txample 12: A Method of Correctine Sequencing Exrrors

Construction of transformation matrix

[B0S88] In this example, the 242 sequencing method 1s used to form the combination of M/K.
For odd number round, A or C should be added, and for even number round, G or T should be
added. When the sequence of the DNA to be tested 13
CCTGTATGACCGTATTCCGGOTCCTGTCGGTA (SEQ ID NO: 40), the obtained 1deal signal
willbeh=(2,3,1,2,3,2,1,2,2,4,2,3,1,3and 1},

{B0S88] For the sake of simplicity, suppose the lead coefficients as well as the lag
coefficients of M and K are the same in the calculation. For example, when the lead coefficient is
0.02, the lag coefficient 1s 0.01, and a total of 10 sequencing reactions have been conducted, then

the transformation matrix constructed with the above-mentioned method 1s:

F.5000  GOIOR i} 4 B & { B i G B i i & i
] A6 G2 a01el 8 4] i 8 G f 3] i & f
0000 BOGE2 Q0I5 GAOIMR GOIEC oo @ i 3 it i 8 3 & G
[ GEER2 00064 00235 GO185 DOIES 00004 G060 & G 3] 4 8 o a
G005 i HUES Q0006 0.8180  BOINS Q0182 L0004 80004 G 1 i & o ft
3 30003 G GAOR6T  G.0007 LRI L0181 40358 00003 OURHM i 8 3 8 G
[ 8 D.0066 @ {0354 DOGOE QR85 G.0IRG BOSES LMY O.008 4 g o &
3 & § §.0068 & G538 0.0011 08720 QINTE 80348 Q0007 G008 & ¢ 8
3 f & 4] 4.0014 i G062 40812 88RdR LTS QNS 40007 DO 8 G
i G 3 & [ nogg & GO D04 L& 00171 00341 QOEN 08018 O

{80598] For the sake of calculation accuracy, suppose the lead coefficients as well as the lag
coefficients of M and K are different in the calculation. For example, when the lead coefficient and

the lag coefficient of M are respectively 0.02 and 0.01, those of K are respectively 0.01 and 0.02,
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and a total of 10 sequencing reactions have been conducted, then the transformation matrix

constructed with the above-mentioned method 1s:

"3.8800 G088 I3 g & i B & i & i i 1 & an
£ B.950% DOBBS  S4ms B & i3] 3] j¢] Q i i 0 3] 3]
U000 SOOI DOBIF 40180 0008 D.ODBD 8 8 ] 8 B i 4 ] B
4 G285 Q0003 08141 QU081 GO 05001 GOenI 3 f i 3 0 g @
[EREE i BA3TT DOHGN NGL4E 00383 00080 00083 o.0om it i i i 1] i
g §.0087 & G054 D.0006  DERRTT LO0RB 06176 DOBDT QNN B i g pi] B
0 o G.0610 g 40633 G.001% 08883 G078 GOITs D806 o.0001 I a & &
i i 3] D803 i HU7RI BBO0H Q2541 G.U0R53 DUTEY Q0087 G6im 0 4] i
) i i g D037 D000 GLORYE GO0IR DEB4E QeIV1 GOisRk DOD03 Qo ] 0
] & i 38001 & 0042 & 4.3 40010 B.SR8T QRS 68184 4OBGE GODB2 B

{00591]  If the 2+2 bi-color sequencing method s used, then the calculation method of the

L

transformation matrix will not be changed. The difference 1s just from the application way in the

parameter estimation and signal correction.
Parameter estimation for the monochrome 2+2 sequencing

{80592]  In this example, the primary monochrome 2+2 sequencing method 1s used to form

the nucleotide combination of M/K. For odd number round, A or C should be added, and for even

[
)
‘e’

number round, G or T should be added. The tested sequence is as below:
AAGAGCTGGACAGCGATACCTGGCAGGCGGAGCTGCATATCGAAGTTTTCCTGCCTGCTCAGET

GCCGGATTCAGAGCTGGATGCGTGGATGGAGTCCCGGATTTATCCGGTGATGAGCGATATCCCG

2

GCACTGICAGATTTGATCACCAGTATGGTGGCCAGCGGCTATGACTACCGGCGCGACGATGATG
T

T TS N U TS T £ 4 £ £ L T N T T T P T N PR T 7N 8 T ST e T Ty T 7 T R £ T N s T
CGGECTTIGTCEGAGTTCAGCCGATCTGACTTATGTCATTACCTATGAAATGTGAGGACGECTATGEC

s

i5 CTGTACCAAATCCTACAATGCCGGTGAAAGCTGCCGGGACCACCCTGTGGETITATAAGGGGAG

T ot SN ~ P ~
CGGTGACCCTTACGCGAATCCGCTTITCAGACGTTGALC

]

GGTCGCGTCTGGCAARAGTTARAGALC
CTGACGCCCCEGCGAACTGACCGCTGAGTCC TATGACGACAG (3SEQ ID NO: 41
[B6593] A total of 200 sequencing reactions have been conducted, and the obtamed actual
original sequencing signal 1s as shown in FIG. 43, 1t can be seen that: the value range of the
20 ongmal sequencing signal 1s about 100 to 1500, showing an overall down trend. Approximately
from the 80" sequencing reaction, the signals fluctuate alternately, so it is impossible to read the
sequence mnformation directly. The ideal signal may be deduced as h=¢{2, 1, 1,1,1,3,3,1,1,1, 1, 1,
3,3,2,2,,2,1,1,1,2,2,1,1,1,1,1,2,5,2,2,2,2,1,1,2,42 2 1,2,2,1,11,1,3,1, 21,4,
1,3,1,2,3,21.3.1,1,2,4,1,2,1, 1,1, 1, 1,1.1,1,3,2,3,3,2.1,1,4 1,1,5,2.1.6,3,1,1,2

B
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1,2,3,41,2.2.1.1.1,1,2,2.3,6,1,2,1,4.2.2.4.3,4.2.3.7.91.1,2,4 1.1.1, 4,4, 2,2, 1,
L1,2,1,21,1.3,2,1,2,4,2.4.1,1,1,2,1,3,5,3,3,1,3,22. 1.3, 2.1, 1.3, 2.3, 1,1, 2.1, 2.
2,1,1,2,2, 1, 3, 1} using the above-mentioned parameter estimation method, based on the
sequence and sequencing method of the DNA molecules to be tested. Estimate relevant parameters
in this sequencing with the above-mentioned parameter estimation method. When constructing the
transformation matrix, suppose the lead and lag coefficients of M and K are different, for the sake
of accurate calculation. Set t as the times of sequencing reaction. Construct the transformation
function 9(s) = gagbyps+gc, wherein:

1. oa{t)=a, where, a is called as the uynit signal;

2. @b (t) = bt, where, b 15 called as the attenuation coefficient;

v fd tis odd number

T “.:§= 3 : ¢ ot o o vy et nE WA - RPRURURURILI. NI
3wl =10 (i cven number d and e are the overall offset of M and K, respectively;

4. s (1) = s, where, s refers to the dephasing signal.

{80594] In the parameter estimation, the correlation coefficient used is Pearson correlation
coefficient and the optimization method used 1s the gradient descent method. After 48 rounds of
iteration calculation, the gradient descent met the convergence conditions, and the obtained lead
coefficient of M 15 0.0117, and its lag coefficient 1s 0.0067. The lead coetficient of K 15 0.0128, and
its lag coefficient 15 0.0067. The umit signal 1s 519.7, the attenuation coefficient 1s 0.9849, the
overall offset of M is 122.7, the overall offset of K 15 150.1 and the correlation coefficient is
0.999961. The variation trend of all the parameters in the process of iteration calculation is shown

m FIG. 44
Signal correction of monochrome 2-+2 sequencing

{B0595]  In this example, the primary monochrome 2+72 sequencing test 15 used: the tested
sequence 1s unknown. Its actual original sequencing signal f, and the dephasing signal obtained
through the transformation of the inverse function of the transformation function ¢ (s} in
Apphication Example 1 and relevant parameters are as shown in FIG, 45 (the inverted triangle
mdicates that the intensity of the signal in this position does not match with the ideal signal).

[00596] It can be seen that: among the dephasing signals obtained through the transformation

of the mnverse function of the transformation function ¢(s), the signals in many positions still do not
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match with the ideal signal. A total of 4 tterations have been conducted via the above-mentioned
steps for signal correction, and the first-order dephasing signal s;, the second-order dephasing signal
sy, the third-order dephasing signal s; and the fourth-order dephasing signal 84 are respectively
obtained. After rounding off, all signal values of 55 and s are equal to each other, thus the iteration
is stopped, and s4 is ocutput as the correction result. The four orders of dephasing signals are as
shown i FIG, 46, in which, the inverted triangle indicates that the intensity of the signal in this
position does not match with the ideal signal. It can be seen that the mverted triangle signals
gradually become less with the going-on of iteration, which indicates the accuracy is getting higher
and higher. In the final correct results, the signals from the first 173 sequencing reactions are all

completely corrected. The correction error does not appear till 174" sequencing reaction.
Parameter estimation for the bi-color 2+2 sequencing

{80597]  In this example, the primary bi-color 2+2 sequencing test is used: the nucleotide
combination is M/K, of which, A and G are marked with fluorescence groups in the same color, and

C and T are marked with fluorescence groups in the same color as well. The tested sequence 1s:

AAGAGCTGGACAGCGATACCTGGCAGCCGGAGCTGCATATCGAAGTTTTCCTGCCTGCTCAGET
GCCGGATTCAGAGCTIGGATGCGTGGATGGAGTCCCGGATTTATCCGGTGATGAGCGATATCCCG
GCACTGTCAGATTTGATCACCAGTATGCETGGCCAGCGGCTATGACTACCGGCGCGACGATGATG
CGGGCTTGTGCACTTCAGCCCATCTGACTTATGTCATTACCTATGAAATGTCGAGCACGCTATCC

TGTACCAAATCCTACAATGCCGGTGAAAGGTGCCGGGACCACCCTGTGGGTTITATAAGGGGAG
CGGETGACCCTTACGCGAATCCGCTTTCAGACGTTGACTGGTCGCGTCTGGCAAAAGTTARAGAC

CTGACGCCCGGCCAACTGACCGCTGAGTCCTATGACGACAG (SEQ ID NO: 41)

[B6598] A total of 200 sequencing reactions have been conducted, and the obtamed actual
original sequencing signal 1s as shown in FIG. 47,

{B6599] Tt can be seen that: the value range of the original sequencing signal 1s about 100 to
1200, showing an overall down trend. Approximately from the 80" sequencing reaction, the signals
fluctuate alternately, so 1t 1s impossible to read the sequence information directly. As the hi-color
sequencing method is employed, the numbers of ideal signal, dephasing signal and original
sequencing signal are respectively 2, and they respectively correspond to the fluorescence groups

marked for A and G, as well as the fluorescence groups marked for Cand T.
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{60688] With the above-mentioned parameter estimation method, based on the sequence and
sequencing method of the DNA molecules to be tested, the ideal signal of the fluorescence groups
marked for A and G may be deducedas: hy=(2,1,1,1,0,2,2,1,0,1,1,0,1,2,1,2,0,2,1,1,0, 1,
1,0,1,0,0,1,2.1,0,1,0,1,0,0,1,3,0,2,1,0,1,1,1,1,0,2.1,1.0,3,1,2.1,1,0,2,1,0, 1,0,
0,3,1,1,1,1,0,1,1,0,1,0,0,2,1,1,1,1,1,1,1,0,2,1,1,4,1,1,0,2,0,0,1,1,1,0,1,2,0, 1,
0,01,1,1,1,1,1,1,0,3,03, L1110, 1.1,0,0,1,1,0,1,1,1,0,1,0,1,1,3,2,1,2,1,1,0,0,
1,1,0,1,4,0,0,0,3,1,0,3,3,3,0,3,2,4 1,024 1,1.03,1,0,1,1,0,1,2.0,0,1,0,0,1, 1,
1,2,1,2,06,1,0,1,0,2,4,1,3,1, 1, 1, 1, 1}. And the ideal signal of the fluorescence groups
markedfor Cand Tis: hy={(0,0,0,0,1,1, 1,0, 1,0,0,1,2,1,1,0,1,0,0,0,1,1,1,1,0,1,1,0,0,
421,211, 1,1,1,2,0,0,2,1,0,0,0. 1, 1,0, 1, 1,1,0,1,0,1,3,0,0,3.0,1,2.1,0,1,0,0, 1
0,0,1,0,1,3,0,2,2.1.0.0.3,0,1,3,1,0,2.2.0,1,0,1,1,0,1,1,1,2,0,1,0,1,0,1,0,0, 1, 0,
1,1,0,1.3,0.2,1,0,2,0,0,1,1,1,1,2.0.2.1,2,2.1,0,1,0,2.0,0,1,0,1,1.0.1,2.2. 2.1, 2,
1, 1,1,2,1,01,2,0,5,50.1,0,0,0,0,1,1,3,2,1,0,1,0,0,1,2,0,1,3,1,0,1,2,1,2, 1,0, 1,
1,1,1,0,2,0,0,2, 1, 1,0).

B

{006061]  Hstimate relevant parameters in this sequencing with the above-mentioned parameter
estimation method. When constructing the transtformation matrix, suppose the lead and lag
coefficients of M and K are different, for the sake of accurate calculation. For a certain
transformation matnix T constructed based on some given dephasing coetficient, suppose the
dephasing signal of the fluorescence groups marked for A and (& 15 3;=Th;, and the dephasing signal
of the fluorescence groups marked for C and T 15 5:=Thy. Set t as the times of sequencing reaction.
Construct the transformation function @1(s) = @a@u®st@ar A1 @2(8) = QuPpe:t+@c; respectively for
the fluorescence groups marked for A and G and those marked for C and T, wherein

Pai{t) = al » @ty = a2, where, a; and a; are respectively the unit signals released by the

fluorescence groups marked for A and G and those marked for Cand T,

2. @ (1) =1b', where, b is called as the attenuation coefficient;

s:ﬁ tiseddpumber | . {d; tlsodd number

s‘
, £ wherein d, e1, d; and e;
s £ avan numbey e 1, €1, 42 2

3. plR= 56 T b rig oven mumber

respectively refer to the overall offset of A, G, Cand T,

4. @¢(t) = s, where, s refers to the dephasing signal.

146



16

i5

N
(]

WO 2017/084580 PCT/CN2016/106117

{606682]  In the parameter estimation, the correlation coefficient used 15 Pearson correlation
coeffictent and the optimization method used is the gradient descent method. After 17 rounds of
iteration calculation, the gradient descent met the convergence conditions, and the obtained lead
coefficient of M 1s 0.0125, and its lag coefficient is 0.0067. The lead coetficient of K 15 0.0126, and
its lag coefficient is 0.0008. The unit signals released by the fluorescence groups marked for A and
G and those marked for C and T are respectively 519.8 and 480.7, the attenuation coefficient is
0.9860, the overall offset of A is 164.5, and that of G is 133.2. The overall offset of C i5 140.7 and
that of T1s 1757, The correlation coefficient 1s 0.999964. The variation trend of all the parameters

i the process of iteration calculation 1s shown in FIG. 48
signal correction of bi-color 2+2 sequencing

{60603]  Prmary bi-color 2+2 sequencing test: G and T are added for odd number rounds and
A and C are added for even number rounds, of which, A and G are marked with fluorescence
eroups in the same color. C and T are marked with fluorescence groups in the same color which is
different from the color for A and G. The tested sequence is unknown. The actual original
sequencing signal f obtained in this sequencing, and the dephasing signal obtained through the
transformation of the mverse function of the transformation functions ¢1(s) and ¢2(s} in
Application Example 4 and relevant parameters are as shown i FIG. 49, As the bi-color
sequencing method 1s employed, the numbers of 1deal signal, dephasing signal and original
sequencing signal are respectively 2, and they respectively correspond to the fluorescence groups
marked for A and G, as well as the fluorescence groups marked for C and T. It can be seen there are
a lot of nverted triangle signals in FIG, 49, which indicates that among the dephasing signal (or the
phase mismatch) s, the signals i many positions still do not match with the ideal signal.

[00664] A total of 4 tterations have been conducted via the above-mentioned steps for signal
correction, and the first-order dephasing signal sy, the second-order dephasing signal s;, the third-
order dephasing signal s; and the fourth-order dephasing signal 84 are respectively obtained. After
rounding off, all signal values of 53 and s4 are equal to each other, thus the iteration 1s stopped, and
s4 1s output as the correction result. The four orders of dephasing signals are as shown in FIG, 58,
m which, the mverted triangle indicates that the mtensity of the signal in this position does not

match with the ideal signal. It can be seen that the inverted triangle signals gradually become less
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with the going-on of iteration, which indicates the accuracy is getting higher and higher. In the final
correct results, the signals from the first 166 sequencing reactions are all completely corrected. The

. e il . e
correction error does not appear till 167" sequencing reaction.
Comprehensive performance sbiained through a lot of sequences

{B0685] To comprehensively assess the accuracy of the present disclosure to read the
sequence information from the original sequencing signal, five times of monochrome 242
sequencing tests have been respectively conducted. In one aspect, 500 times of sequencing
reactions are performed for each sequencing reaction. In each sequencing test, some of the tested
DNAs are used as the reference, and thetr sequences and original sequence signals are used in the
parameter estimation; and the other tested BNAs are used as the sequencing samples. Two methods
will be emploved for the signal correction: one method is to use the parameters estimated on the
basis of reference DNA to conduct the signal correction; and the other method is to simply suppose
there 15 a simple proportional relation between the original signal and the ideal signal, based on
which, deduce the DNA sequence information.

{00686]  In the five sequencing tests, the dephasing coefficients estimated using the original
sequencing signal of the reference DINA are respectively 0.001, 0.003, 6.005, 0.010, and 0.011
{during the parameter estimation, the lead and lag coefficient were set to be equal). For signal
correction, respectively record the numbers (i.e. the length of the completely-correct correction
signal} of the first sequencing reaction in which the intensity of the signal obtained with the two
methods does not match with the mtensity of the ideal signal, and plot a histogram (as shown in
FIG. 51, the error bar refers to the standard deviation). It can be seen that when the dephasing
coefficient 1s 0.001, the correction error occurs in the correction signal obtained by caleulation
according to the simple proportional relation, within less than 100 sequencing reactions, while the
method described in the present disclosure has the completely correct correction results. With the
mereasing of the dephasing coefficient, the accuracies of both methods have decreased. However, in
one aspect, in the correction results obtained herein, the length of the completely-correct correction
signal 1s still 3 to S times of the value calculated based on the simple proportional relation, which
reflects the sigmificant advantages of the present disclosure in tmproving the accuracy of reading

DNA sequence from the original sequencing signal and the effective read length.
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Example §3: Errer-Correction Ceode Fluorocenic BNA Seguencing

The principle of degenerated-base flugrogenic sequencing:

{66667]  In this example, a family of fluorogenic sequencing substrates {using Tokyo Green
(TG}, a high-performance fluorophore} were developed to terminally label tetra-phosphate
nucleotides (AN4P or dN, see FIG. 524, and FIGS. SA-5C). TG offers higher fluorescence
quantem yield {0.82 at 490 nm}) , higher absorption coetficient, higher on-off ratio, and better photo-
stabifity than previously reported fluorogenic dves. During the fluorogenic sequencing-by-synthesis
(5BS) process, the single-strand DNA templates were grafted onto the surface of a glass flow-cell
using solid-phase PCR (FIG. 23). Fach template was then annealed with sequencing primer with
its 3'-end serving as the starting point for SBS reactions. In each cycle of the sequencing, a reaction
mix {Bst polymerase, alkaline phosphatase, and fluorogenic nucleotides} was brought to react with
those immobilized primed DNA templates. When the polymerase incorporates a correct nucleotide
onto the primer terminus, a non-fluorescent “dark” state dye-triphosphate will be released
simultaneously, and then immediately switched to a hughly~-fluorescent “bright” state through
dephosphorvlation. This fluorogenic SBS reaction produces native DNA duplex, leaving the 3'-end
of the synthesized strand un-terminated (still extendable, ready-to-extend). The substrates that can
form correct Watson-Crick pairs at the primer terminus will continuously extend until the first
mismatch encounters.

[60608] This feature has been utilized to sequence 30-40 bases through a single-base
flowgram, 1 which one of the four substrates was mtroduced mto the reaction n each cycle. In this
example, a dual-base flowgram was used. For example, in the first cycle of the sequencing
(FIG. 52B, K(dG & dT) reaction mix 13 brought to primed DNA template with the starting
sequence ACTTGAAA. DNA polymerase will incorporate one dT and one dG to pair the first two
bases A(C and yield two fluorophores, then stop upon the third base T because of mismatch. In the
following M cycle, two dA and one dC are paired with the next three bases TTG and yield three
fluorophores. Conjugated mixes M and K are alternately introduced to react with the primed DNA
template (FIG, S2C). The amount of fluorophores produced in each cvcle is equuivalent to the
number of extended bases.

[00669] Fluorescence signal is measured upon the completion of polymerase elongation.

Normalized fluorescence signal, representing the number, not the actual composition and sequence,
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of bases extended in each cycle, 1s named degenerated polymer length (DPL). In FIG. 82C the
DPL arrav (0, 2, 3, 3, 1, ...} can be transformed to a degenerate sequence (KKMMMEKKKM. .},
where M=A or C, K =G or T. Besides this M-K dual-base flowgram, there are two additional
dual-base flowgrams R (A, G} - Y (C,T) and W (AT} - § (C,G}, through which the same template
can be expressed as different degenerate sequences (YRRRYYYYRRYY. . }and
(WSWWSWWWW ). To acquire these three orthogonal degenerate sequences, a reset operation
is needed between sequencing rounds to denature the nascent strand and reanneal the sequencing
primer. Fach actual base can be deduced from three sequences by calculating the intersection of
degenerate bases. This sequencing method 1s named Error-Correcting Code (ECC) sequencing,
through which sequencing errors can be detected and rectified.

Degenerated Base-Calling

[00618] In this example, a lab-prototype was built to perform fluorogenic sequencing using
dual-base tlowgrams. Similar to other SBS sequencing approaches, the fluorescence intensity
decay is mevitable. Thus decay, mainly due to the reaction imperfection and the loss of template or
primer, has caused severe challenges 1o base-calling (FIG. 534A). Tn a typical fluorogenic
degenerated sequencing run, the fluorescence intensity decline could be normalized by an
exponential decay function with about 1 % of signal drop between reaction cycles. Normalized
fluorescence signal in each cycle should have been rounded 1nto DPL (FIG. 83B). However, the
correspondence between mtensity and DPL could only be preserved in about first 30 cycles, after
which dephasing could not be neglected, that 13, the signal of each cycle became significantly
affected by the neighboring cycles.

{06611] Dephasing, the asynchronization of primer ensemble, has two major components, the
“lag” and the “lead.” The lagging strands are majorly caused by incomplete extension, while in
dual-base sequencing the leading strands are majorly attributed to unexpected extension caused by
contaminating bases. In a given cycle the fluorescence signal, contributed from the asynchronized
primer ensemble, is different from the corresponding DPL. The accumulation of dephasing will
gradually reduce the correlation between the sequencing signals and DPL array.

{60612] Nevertheless, it was demonstrated that the accumulation effect of signal dephasing
and decay could be well estimated according to the first-order reaction manner, with residues

between estimated and measured value less than 0.2, Furthermore, a sequence-independent iterative
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dephasing rectification algorithm was developed to deduce the DPL array of each sequencing round.
With dephasing rectification, the low-error span of DPL array length can be significantly extended
from the first SO cycles {ca. 100 nt} to more than 150 cycles (ca. 300 nt}, beyond which the crowded
errors could not be correctly rectified with dephasing algorithm (F1G. 83C). For the same template,
such rectification method can also be applied to the other two orthogonal degenerate sequences
using RY and WS flowgrams (FIGS. S3B-E). Each of the three degenerate sequences harbors
mfrequent errors (< 1%} that are unlikely to locate on the same base position.

Information Communication Medel for ECC Sequencing

{00613} From the perspective of information theory, the information redundancy in dual-base
sequencing was analvzed. In one aspect, a DPL array acquired from one dual-base sequencing
round cannot provide an explicit DNA sequence. When there 13 no sequencing error, the
information entropy of an L-nt long random DNA sequence is 2L bits, while that of s DPL array 1s
only L bits. The orthogonal nature guarantees that the mutual information entropy of two DPL
arrays acquired from different flowgrams 1s 0 bit, and the joint information entropy is 2L bits.
Therefore, two degenerate sequences provide both sufficient and necessary mformation of an
explicit DNA sequence { L + L - 0= 2L). The explicit DNA sequence can be deduced by taking the
mtersection of the degenerated bases in two DPL arrays from different flowgrams. For example, if
a base 1 the MK DPL array 15 sequenced as M{A/C), and 1 the RY DPL array as R(A/G), then it
can be deduced as base A ({4, CHN{4.61 = {4}).

[00614] However, due to experimental sequencing errors, the entropy of DPL array (denoted
as 1) 1s lower than L bits. Two of such error-containing DPL arrays providing nsufficient joint
information to deduce the DNA sequence ({ +7 - 0 <2L). With our current experimental error rate,
an extra DPL array s mtroduced to provide the mutual/redandant information (2L < 37 <37}, which
can be used to both detect errors and deduce the explicit sequence.

[806315] An mformation communication model was also established, and the model containg
an encoder, a decoder and a communication channel, to depict the dual-base sequencing with
mtrinsic characteristic of error detection and correction (FIG. 544). Three orthogonal dual-base
flowgrams encode a DNA sequence, the information source, into three original DPL arrays (n). The

DPL distribution in human, yeast and £. coli genomes was analyzed and it was found that they are
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close to P(n) = 1/2", the theoretical distribution of DPL from a random DNA sequence. From
FIG. 548, it was also found that only 0.39% of DPL is greater than 8.0.

{80616] The sequencing reaction 1s regarded as the communication channel, through which
sequencing errors are inevitably introduced nto the received message. For instance, in Cycle 3 of
the R-Y round, original DPL » = 3 1s mistakenly measured as m = 4 {a 3-to-4 insertion error,

FIG. 54A). The concordance of original and measured DPLs was analyzed in the 42 rounds of
dual-base sequencing data. 5503 out of 5609 (98.1%) original DPL (n=9) are faithfully transmitted
(FIG. 54C).

{60617] The measured DPL array were rewritten mto degenerate base sequences by defining
a codeword as the 3-tuple of degenerated bases in the same position from degenerate base sequence
in the order of MK, RY and WS, In the case of FIG, 544, the first few codewords are (KYW),
(KRS}, (MRW), efc. Such codeword can be further compiled mto a binary formoat. M, Rand W
were assigned as logical 1, and K, Y and S as logical 0. Each degenerate sequence i any single
flowgram became a bit string (BS). The parity of a codeword 1s defined as the result of XOR
{exclusive or) operation of its three bits (FIG. 54D). The degenerated bases in a codeword have
only one common base 1f and only if the panity 1s logical 1, and this common base 1s regarded as the
decoding result. Specifically, 111 (MRW) 1s decoded as a base A, 100 (MYS)asa C, 010 (KRS) as
a (G, 001 (KYW)asa T. These four legitimate codewords have Hamming distances of 2 in between.
On the other hand, the rest four legitimate codewords with partty logical 0 (no common base)
mdicate sequencing errors. As the case in FIG. 544, the DNA sequence was decoded from the BS
and a 3-to-4 error at the fifth codeword (MRS/110) was caught by decoder through parity check.
Conventionally, memoryless codewords with hamming distance 2 are only error-detectable but not
correctable. However, 1t was discovered that dual-base sequencing results in BS format are not
memoryless but context dependent, providing extra mnformation for error correction besides error
detection.

Sequence decoding using dynamic programming

{00618] The error correction decoding was performed through an algorithm based on
dynamic programming. Dual-base sequencing errors, mistakenly measured DPLs, can be easily
identified in the codeword list by parity check. These unique errors are only bit insertions or

deletions, but not bit alterations, in a BS. When an error ts found, 1t 15 possible to be rectified by
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changing the corresponding DPLs based on BS context. Errors must be rectified sequentially from
the first error, because the changes of DPL, corresponding to BS-shift operations, will affect the
downstream codewords.

{80619] A typical example is shown in FIG. 58A. The first illegitimate codeword s detected
at Codeword 5, and there are three possible error sources: (1} insertion error in Cycle 2 of M-K
Round, original DPL (n = 2} is erroneously measured as 3; (2} msertion error in Cycle 2 of R-Y
Round, original DPL (n = 3} 1s measured as 4; and (3) deletion error in Cycle 3 of W-8 Round,
original DPL (n = 3) 1s measured as 2. Insertion error in Cycle 2 of R-Y Round s corrected by left-
shifting BS2 since the 6th bit. With this shift operation, many following tllegitimate codewords
pass parity check concomutantly. Then a second error is detected at Base 14, This deletion error,
together with the rest illegitimate codewords, 15 rectified by right-shifting BS1 since the 14th bit. In
this case, nine codeword llegitimacies are legitimized by only two correction operations, resulting
in an error-free decoded DNA sequence.

[80628] In fact, there are numerous possible operation combinations to decode the sequence.
Moreover, the number of combimations increases exponentially with the read length, making it
practically impossible to obtain the optimal sequence by enumerating all possible combinations.

{86621] Therefore, dynamic programming was utilized to determune the global optimal
decoded sequence. A codeword space was constructed as a 3-dimensional matrix with the three
BSs as its axis. Fach node {4, J, k) represents the codeword consisting of the 1-th bit of BS1, the 3-th
bit of BS2 and the k-th bit of BS3, and it can be classified as or separated into two categories, Pass
or Error, according to the parnty checking (FIG. 88C). Any path starting from the node (1, 1, 1) and
only passing through the Pass nodes represents a possible decoded DNA sequence. The probability
of a given path in the codeword space can be calculated by the Bayesian formula. The prior
probabtlity of the occurrence of DPL with length n 15 1 /2% (FIG. 54B), and the probability of DPL
with length n to be sequenced as length m P{mn} can be obtained from reference sequences and
compare the data to theoretical values (FIG, 54C). Then for Round r (r is MK, RY, or WS}, the
posterior probability B.{n o) that its i-th measured DPL of length m; 1s produced from a DPL of
length n; can be give below:

. Flmg b i3 e e Tk
Bmbm) = gmf {; et € MK, RY, WS}
I PR IL LT .

153



(¥4

15

20

3G

WO 2017/084580 PCT/CN2016/106117

[60622] The probability B. that a measured DPL array 18 produced from a certain DNA 15 the
cumulative product of B.{m; by ). Under the hypothesis that the three rounds of ECC sequencing
are independent to each other, the probability of a given path s

Fraen = Pax < Py » Pyes-

{80623] The probability of every path in the codeword space can be calculated in the same
way (FEG. 558C). A dynamic programming approach is adopted to obtain the path with the
maximum probability.

Decoding upheaves ECC sequencing accuracy

{00624} ECC decoding can efficiently rectify errors for long sequencing reads. 14 long-
length three-round ECC experiments were performed to sequence 3 different templates from
lambda phage. Before ECC decoding, there are minor errors occasionally in the sequencing signals.
After decoding, these errors are completely eliminated before 200 bp, and also significantly reduced
in 200-250 bp (FIGS. 56A~C). For example in FIG. 364, although the first sequencing error
occurs in Base 39 of Round RY, 1t was successfully corrected after ECC decoding along with other
several sequencing errors in Round WS, The first error after ECC decoding was put off beyond 270
bp.

[00625] ECC decoding algorithm has the power to accurately identify complex error forms.
Compared to scattered sequencing errors, neighboring errors in the same or different rounds are
more challenging to correct since more and exquisite correction operations are required in the
decoding algorithm. When parity check failed between the three-round sequencing signals, the
algorithm will calculate the probabilities of different operations.

[80626] In one case, two sequencing errors occurred within 3 cycles in round RY (1base
deletion i cycle 22 and 1 base nsertion at cycle 24} At least two alternative correction approaches,
each of which contains two correction operations, can fix these errors {FIG. 56B}. The first
approach operates an 1-to-2 insertion correction and a 2-to-1 deletion correction { p(2{1) * p(112}=
0.00015, while the second approach contains an 1-to-2 insertion correction and a 3-to-2 deletion
correction { p(2{1) * p(3]2) = 0.00022. Therefore, the second approach is preferred because of the
higher probabulity.

{00627] In another case, two neighboring long DPL sequencing errors occurred in round MK

and RY, respectively. Apparently, left shift of one base in round WS can also restore the parity
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legitimacy (FI1G. 56C). However, since long DPLs are more error-prone, the algorithm prefers
correcting two longer DPLs rather than a shorter one through comparing the probabilities of
different approaches.

{00628] Fluorogenic degenerate sequencing has intrinsically high accuracy. The error
frequencies of different DPL along the sequencing read were analyzed every 50 nt (FIG. 56D).
Without ECC correction, 106 errors in 11062 bases were found. These errors are more likely to
happen on longer DPLs and on posterior positions, similar to other sequencing methods. See
Forgetta et af. (2013) Journa!l of Biomolecular Techniques, 24(1}, 3949; and Loman er af. (2012)
Nature Biotechnology, 30(5}, 4349, The raw accuracy i1s 99.82% in the first 100 nt, and 99.45% i
the first 200 nt. With 99% accuracy cut-off, the read length of more than 250 nt can be achieved.

[00629] ECC decoding eliminates the majority of sequencing errors. The hugh raw accuracy
of fluorogenic degenerate sequencing approach provides a foundation for ECC correction to
completely eliminate all ervors in the first 200 nt, including the errors in DPL up to 9nt, with the
estimated the upper boundary error rate as low as 0.034%. Tn addition, ECC decoding effectively

reduced the cumulative error rate of 250 nt, from 0.96% t0 0.33%.
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CLAIMS

1. A method for obtaining sequence information of a target polynucleotide, said method

COMprising;

a} providing a first sequencing reagent to a target polynucleotide in the presence of a first
polynuclestide replicating catalyst, wherein said first sequencing reagent comprises at least two
different nucleotide monomers each of which is conjugated to a first label, and said nucleotide
monomer/first label conjugates are substantially non-fluorescent until after incorporation of said
nucleotide monomer into said target polynucleotide based on complementarity to said target
polynucleotide, wherein said first labels for said at least two different nucleotide monomers are the
same or different; and

b) providing a second sequencing reagent to said target polynucleotide in the presence of a
second polynucleotide replicating catalyst, wherein said second sequencing reagent comprises one
or more nucleotide monomers each of which 1s conjugated to a second label, and said nuclestide
monomer/second label conjugate(s) 1s or are substantially non-fluorescent until after mcorporation
of said nucleotide monomer{s} into said target polynucleotide based on complementarity to said
target polynucleotide, at least one of said one or more nucleotide monomers being different from
said nucleotide monomers present in said first sequencing reagent, and wherein said second
sequencing reagent is provided subsequent to providing said first sequencing reagent, and

¢} obtaining sequence information for at least a portion of said target polvnuclestide by
detecting fluorescence emission resulting from said first label and second label after incorporation

of said nucleotide monomers into said polynucleotide in said steps a) and b).

2. The method of claim 1, which is used to obtain sequence information for at leasta
portion of a single target polynucleotide, or which is used to obtain sequence information for at least

a portion of a plurality of target polynucleotides simultaneously.

3. The method of claim 1 or 2, wherein the first polynucleotide replicating catalyst and
the second polynucleotide replicating catalyst are the same polynucleotide replicating catalyst, or
wherein the first polynucleotide replicating catalyst and the second polynucleotide replicating

catalyst are different polynucleotide replicating catalysts.
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4. The method of any of claims 1-3, wherein said sequence information s obtained
from one or more sequencing reactions, wherein optionally the one or more sequencing reactions
are performed in one or more reaction volumes (such as reaction chambers}, such as about 1 x 10°
to about 5 * 10° reaction volumes, about 1 » 10° to about 1 x 10° reaction volumes, or about 1 x 10°
to about 5 x 10 reaction volumes, wherein optionally the reaction volumes are physically separated
from each other and/or there is substantially no material exchange between the reaction volumes,
wherein optionally the reaction volumes are located in a array such as a chip, are wherein optionally

the reaction volumes are closed and/or insulated from each other by a hquid that 1s immiscible with

the liquid in the reaction volumes, such as an oil.

5. The method of claim 4, wherein the reaction volumes are provided in reaction
chambers, and the target polynucleotide in each reaction chamber 1s immobilized on a sohid support
in the reaction chamber, wherein optionally the sequence information is obtained by high-
throughput sequencing, for example, wherein at least about 10°, 10%, 10°, 10°, 167 10% or 10°

sequences are read substantially in parallel.

&, The method of any of claims 1-5, wherein the first polynucleotide replicating catalyst
and/or the second polynucleotide replicating catalyst is a polymerase, such as a DNA polymerase, a
RNA polymerase, or a RNA-dependent RNA polymerase, a ligase, a reverse transcriptase, or a

terminal deoxynucleotidy! transferase.

7. The method of any of claims 1-6, wherein the nucleotide monomers 1n the first
and/or second sequencing reagent are selected from the group consisting of deoxyribonucleotides,
modified deoxyribonucleotides, ribonucleotides, modified nibonucleotides, peptide nucleotides,

modified peptide nucleotides, modified phosphate sugar backbone nucleotides and mixtures thereof.

2. The method of claim 7, wherein the nuclectide monomers in both the first and the

second sequencing reagents are deoxyribonucleotides.

g, The method of claim 8, wherein the nucleotide monomers are selected from the

group consisting of A, T/U, C and G deoxyribonucleotides, and an analog thereof.

J—
‘
<
~J



WO 2017/084580 PCT/CN2016/106117

10. The method of claim 7, wherein the nucleotide monomers in both the first and the

second sequencing reagents are ribonucleotides.

11 The method of claim 10, wherein the nucleotide monomers are selected from the

group consisting of A, U/T, { and G ribonucleotides, and an analog thereof.

5 12. The method of anv of claims 1-11, wherein the first and/or second label is releasably

conjugated to said nucleotide monomer.

13. The method of claim 12, wherein the first and/or second label 15 conjugated to a
terminal phosphate group of the nucleotide monomer, or conjugated to the last but one, last but two,

last but three, last but four, or last but five phosphate group of the nucleotide monomer.

10 14 The method of claim 13, wherein the nucleotide monomer/first label conjugates n
the first sequencing reagent and/or the one or more nuclestide monomers/second label conjugate(s)

in the second sequencing reagent have the structure of the following formulae I:

N
LABEL—C i?"'"O FE’""'C}""'
OH OH

#H

M

wherein o 15 0 to 6, R is a nucleoside base, X 1s H, OH, or OMe, or a salt thereof,

[
(¥4

wherein optionally the nucleotide monomer/first label conjugates in the first sequencing
reagent and/or the one or more nuclectide monomers/second label conjugate(s) in the second
sequencing reagent have the structure of the following formulae 1
5 o 2 ¢ @ 9 Base(A,G,C,T)

: O=b=0-P-0-P-0-F-0
} OH OH OH OH kO

TPLFN (”)‘
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15. The method of claim 13 or 14, wherein the first and/or second label is substantially

non-flusrescent until its release from the terminal phosphate group of the nucleotide monomer.

16. The method of claim 15, which further comprises releasing the first and/or second

label(s} from the terminal phosphate group of the nucleotide monomer using an activating enzyme.

5 17. The method of claim 16, wherein the activating enzyme is an exonuclease, a

phosphate transferase, or a phosphatase.

18. The method of any of claims 1-17, whereim said first labels for said at least two

different nucleotide monomers are the same.

19. The method of any of clayms 1-17, wherein said first labels for said at least two

10 different nucleotide monomers are different.

20. The method of any of claims 1-19, which further comprises a washing step between

steps a) and b}.

21 The method of any of claims 1-20, wherein the target polynucleotide 15 immobilized
on a surface, such as a solid surface, a soft surface, a hydrogel surface, a microparticle surface, ora

15  combination thereof

22. The method of claim 21, wherem the sohid surface 1s a part of a microreactor, and

steps a} and b) are conducted in the microreactor.

23. The method of any of claims 1-22, which s conducted at a temperature ranging from

about 20°C to about 70°C.

[ \.]
fan)
S

24 The method of any of claims 1-23, wherein multiple rounds of steps a) and b) using
different combmations of the first sequencing reagent and the second sequencing reagent are

conducted.

25, The method of any of claims 1-24, wherein the sequence information obtained in

step ¢} 15 a degenerate sequence.
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26. The method of claim 25, wherein at least one additional round of steps a) and b)
using a combination of the first sequencing reagent and the second sequencing reagent different
from the combination of the first sequencing reagent and the second sequencing reagent in the
previous round{s) of steps a) and b} 1s conducted to obtain at least one additional sequence, and the

additional sequence is compared with the degenerate sequence to obtain a non-degenerate sequence.

27. The method of any of claims 1-26, wherein the initial sequence information obtained

in step ) Contains no error of contains one of MOTe errors.

28. The method of claim 27, wherein at least one additional round of steps a} and b)
using a combination of the first sequencing reagent and the second sequencing reagent different
from the combination of the first sequencing reagent and the second sequencing reagent in the
previous round(s) of steps a) and b} is conducted to obtain at least one additional sequence, and the
additional sequence 1s compared with the initial sequence to reduce or eliminate the sequence

error(s).

29. The method of any of claims 26-28, wherein the sequence comparison 1s conducted

using a mathematical analysis, algorithm, or method.

30. The method of claim 29, wherein the mathematical analysis, algorithm, or method

comprises a Markov model, or the maximum likelithood method based on Bayesian Scheme.

31 The method of any of claims 1-30, wherein the first sequencing reagent comprises
two different nucleotide monomer/first label conjugates, each nucleotide monomer/first label
conjugate comprising a different nucleotide monomer, the second sequencing reagent comprises
two different nucleotide monomer/second label conjugates, each nucleotide monomer/second label
conjugate comprising a different nucleotide monomer, and the two nucleotide monomers in the first
sequencing reagent are different from the two nucleotide monomers in the second sequencing

reagent.

32. The method of claim 30 or 31, wherein the two nucleotide monomers in the first
sequencing reagent and the two nucleotide monomers in the second sequencing reagent are selected

from the group consisting of A, T/U, C and G deoxyribonucleotides, and an analog thereof.
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33 The method of claim 32, wherein the two nucleotide monomers in the first
sequencing reagent and the two nucleotide monomers in the second sequencing reagent are selected
from the group consisting of the following combinations:

1) A and T/U deoxyribonucleotides in one sequencing reagent and C and &
deoxyribonucleotides in the other sequencing reagent;

2} A and G deoxyribonucleotides in one sequencing reagent and C and T/U
deoxyribonucleotides in the other sequencing reagent; and

3) A and C deoxyribonucleotides in one sequencing reagent and G and T/U

deoxyribonucleotides in the other sequencing reagent.

34 The method of claim 33, wherein one round of steps a} and b} or at least two rounds
of steps a) and b} are conducted, one of the combinations 1}-3) is used in one round of steps a) and
b), and another combination from the combinations 1}-3) but different from the combination used in

the previous round of steps a) and b) 1s used in another round of steps a) and b).

35 The method of claim 34, wherein three rounds of steps a) and b) are conducted, each

of the rounds uses a different combination selected from the combinations 1)-3).

36. The method of claim 34 or 35, wherein the sequences obtained from the multiple
rounds of steps a) and b} are compared to obtain a non-degenerate sequence and/or to reduce or

eliminate sequence error(s) in the non-degenerate sequence.

37. The method of claim 30 or 31, wherein the two nucleotide monomers in the first
sequencing reagent and the two nucleotide monomers 1n the second sequencing reagent are selected

from the group consisting of A, T/U, C and G ribonucleotides, and an analog thereof

38. The method of claim 37, wherein the two nucleotide monomers in the first
sequencing reagent and the two nucleotide monomers in the second sequencing reagent are selected
from the group consisting of the following combinations:

[} A and T/U ribonucleotides in one sequencing reagent and C and G ribonucleotides in

the other sequencing reagent;
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2} A and G nbonuclectides in one sequencing reagent and € and T/U ribonucleotides in
the other sequencing reagent; and
3} A and C ribonucleotides in one sequencing reagent and & and T/U ribonucleotides in

the other sequencing reagent.

39. The method of claim 38, wherein one round of steps a} and b} or at least two rounds
of steps a) and b} are conducted, one of the combinations 1)-3}) is used in one round of steps a} and
b), and another combination from the combinations 1}-3} but different from the combination used in

the previous round of steps a} and b) is used in another round of steps a} and b}.

40. The method of claim 39 wherein at least three rounds of steps a} and b) are

conducted, each of the rounds uses a different combination from the combinations 1}-3).

41. The method of claim 39 or 40, wherein the sequences obtained from the multiple
rounds of steps a} and b} are compared to obtain a non-degenerate sequence and/or to reduce or

eliminate sequence error(s) in the non-degenerate sequence.

42. The method of any of claims 31-41, wherein said first labels for said two different

nucleotide monomers are the same, and the second labels are the same as the first labels.

43. The method of any of claims 31-41, wherein said first labels for said two different

nucleotide monomers are different, and said second labels are the same as said first labels.

44 The method of any of claims 1-30, wherein one of the first and second sequencing
reagents comprises three different nuclectide monomer/first label conjugates, each nuclectide
monomer/first label conjugate comprising a different nucleotide monomer, the other sequencing
reagent comprises one nucleotide monomer/second label conjugate, and the three nucleotide
monomers in one sequencing reagent are different from the nucleotide monomer in the other

sequencing reagent.

45, The method of c¢laim 44, wherein the nucleotide monomers in the first sequencing
and the second sequencing reagents are selected from the group consisting of A, T/U, Cand &

deoxyribonuclestides, and an analog thereof.
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46, The method of claim 45, wherein the nucleotide monomers in the first and second
sequencing reagents are selected from the group consisting of the following combinations:

1} C, G and T/U deoxyribonucleotides in one sequencing reagent and A
deoxyribonucleotide in the other sequencing reagent;

2} A, Gand T/U deoxyribonucleotides in one sequencing reagent and C
deoxyribonucleotide in the other sequencing reagent;

33 A, Cand T/U deoxyribonucleotides in one sequencing reagent and G
deoxyribonucleotide in the other sequencing reagent; and

43 A, C and G deoxyribonucleotides in one sequencing reagent and T/U

deoxyribonucleotide in the other sequencing reagent.

47. The method of claim 46, wherein one round of steps a) and b) or at least two rounds
of steps a) and b} are conducted, one of the combinations 1)-4) 15 used in one round of steps a) and
b), and another combination from the combinations 1)-4) but different from the combination used in

the previous round of steps a) and b} is used 1n another round of steps a) and b).

48, The method of claim 46, wherein three rounds of steps a) and b) are conducted, each

of the rounds uses a different combination selected from the combinations 1}-4).

49. The method of claim 46, wherein four rounds of steps a) and b} are conducted, each

of the rounds uses a different combination selected from the combinations 1}-4).

S0. The method of any of claims 47-49, wherein the sequences obtained from the
multiple rounds of steps a} and b) are compared to obtain a non-degenerate sequence and/or to

reduce or eliminate sequence error(s) in the non-degenerate sequence.

51 The method of claim 44, wherein the nucleotide monomers in the first sequencing
and the second sequencing reagents are selected from the group consisting of A, T/U, Cand G

ribonucleotides, and an analog thereof.

52. The method of claim 51, wherein the nucleotide monomers in the first and second

sequencing reagents are selected from the group consisting of the following combinations:
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1} C, G and T/U ribonucleotides in one sequencing reagent and A ribonucleotide in the
other sequencing reagent;

2} A, G and T/U nibonuclestides in one sequencing reagent and C ribonucleotide in the
other sequencing reagent;

3) A, Cand T/U ribonucleotides in one sequencing reagent and G ribonucleotide in the
other sequencing reagent; and

43 A, C and G ribonucleotides in one sequencing reagent and T/U ribonucleotide in the

other sequencing reagent.

53. The method of claim 52, wherein one round of steps a) and b} or at least two rounds
of steps a) and b} are conducted, one of the combinations 1)}-4) 15 used in one round of steps a) and
b), and another combination from the combinations 1)-4) but different from the combination used in

the previous round of steps a) and b} is used 1n another round of steps a) and b).

54. The method of claim 52, wherein at least three rounds of steps a) and b) are

conducted, each of the rounds uses a different combination from the combinations 1)-4).

S5. The method of claim 52, wherein at least four rounds of steps a) and b) are

conducted, each of the rounds uses a different combination from the combinations 1}-4).

56. The method of any of claims 52-55, wherein the sequences obtained from the
multiple rounds of steps a} and b) are compared to obtain a non-degenerate sequence and/or to

reduce or eliminate sequence error(s) in the non-degenerate sequence.

57. The method of any of claims 1-56, wherein a read length of about 250, about 350,

about 400, about 500, about 800, or about 2400 base pairs 1s obtained.

58. The method of any of claims 1-57, wherein a code accuracy rate of at least about

95% 15 obiained.

59 The method of any of claims 1-58, wherein the target polynucleotide 15 a single-

stranded polynucleotide.
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60. A method for obtaining sequence information of a target polynuclectide, said method
COMPrIsing:

a} providing a first sequencing reagent to a target polynucleotide in the presence of a first
polynucleotide replicating catalyst, wherein said first sequencing reagent comprises two different
nucleotide monomers each of which 1s conjugated to a first label, and said nucleotide monomer/first
label conjugates are substantially non-fluorescent until after incorporation of said nucleotide
monomer into said target polynucleotide based on complementarity to said target polynucleotide;
and

b} providing a second sequencing reagent to said target polynucleotide in the presence of a
second polynucleotide replicating catalyst, wherein said second sequencing reagent comprises two
different nucleotide monomers each of which is conjugated to a second label, and said nucleotide
monomer/second label conjugates are substantially non-fluorescent until after incorporation of said
nucleotide monomers nto said target polynucieotide based on complementarity to said target
polynucieotide, and wherein said second sequencing reagent is provided subsequent to providing
said first sequencing reagent, and

¢} obtaining sequence information for at least a portion of said target polynucleotide by
detecting fluorescence emission resulting from said first label and second label after incorporation
of said nucleotide monomers into said polynucleotide in said steps a} and b),

wherein the nucleotide monomers in the first sequencing reagent and the second sequencing
reagent are selected from the group consisting of the following combinations:

1} an adenine (A) nucleotide monomer and a thymine {T)/uracil {(U) nucleotide
monomer in one sequencing reagent and a cytosine () nucleotide monomer and a guanine (G}
nucleotide monomer in the other sequencing reagent;

2} an adenine { A} nuclectide monomer and a guanine {3} nucleotide monomer in one
sequencing reagent and a cytosine (C) nucleotide monomer and a thymine (T)/uracil (U) nucleotide
monomer in the other sequencing reagent; and

3) an adenune {A) nucleotide monorner and a cytosine (C) nucleotide monomer mn one
sequencing reagent and a guanine {(G) nucleotide monomer and a thymine {T)/uracil (U) nucleotide

monomer i the other sequencing reagent.
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61 The method of claim 60, wherein said first labels for said two different nucleotide
monomers in step a) and satd second labels for said two different nucleotide monomers in step b}

are the same label.

62. The method of ¢claim 60, wherein said first labels are different labels, and wherein
one of said first labels i3 the same as one of said second labels, while the other one of said first

iabels is the same as the other one of said second labels.

63. The method of anv one of claims 60-62, wherein multiple rounds of steps a) and b)

are conducted, each round using a combination selected from the combinations 1}-3).

64. The method of claim 63, wherein at least two or three sets of sequence information
are obtained i step ¢), the method comprising:

conducting multiple rounds of steps a) and b} using combination 1) in a first sequencing
reaction volume to obtain a first set of sequence information,

conducting multiple rounds of steps a) and b) using combination 2) in a second sequencing
reaction volume to obtain a second set of sequence information, and/or

conducting multiple rounds of steps a) and b} using combination 3) in a third sequencing

reaction volume to obtain a third set of sequence information.

a5, The method of claim 64, wherein the first, second, and third sets of sequence

information are obtained 1n parallel from separate sequencing reaction volumes.

a6, The method of claim 64, wherein the first, second, third sets of sequence information
are obtamed sequentially from the same sequencing reaction volume, wherein the products of an

earlier sequencing reaction are removed before the next sequencing reaction starts.

67. The method of any one of claims 64-66, further comprising comparing the at least

two or three sets of sequence information to reduce or eliminate the sequence error(s).

68. The method of claim 67, wherein the comparison indicates no error in the obtained
target polynucleotide sequence when the at least two or three sets of sequence mformation are

consistent with each other.
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69. The method of claim 67, wherein the comparison indicates error in the obtained
target polynucleotide sequence when the at least two or three sets of sequence mformation comprise

a discrepancy in at least one nucleotide residue of the target polynucleotide sequence.

70. The method of claim 69, further comprising correcting at least one nucleotide residue
in the obtained target polynucieotide sequence such that after the correction, the at least two or three

sets of sequence information are consistent with each other.

71 A method for obtaining sequence mformation of a target polynucleotide, said method
COMPrIsing:

a} providing a first sequencing reagent to a target polynucleotide in the presence of a first
polynuclestide replicating catalyst, wherein said first sequencing reagent comprises three different
nucleotide monomers each of which 15 conjugated to a first label, and said nucleotide monomer/first
label conjugates are substantially non-fluorescent until after incorporation of said nucleotide
monomer into said target polynucleotide based on complementarity to said target polynucleotide;
and

b} providing a second sequencing reagent to said target polynucleotide in the presence of a
second polynucleotide replicating catalyst, wherein said second sequencing reagent comprises one
nucleotide monomer conjugated to a second label, and said nucleotide monomer/second label
conjugate 1s substantially non-fluorescent until after incorporation of said nucleotide monomer 1oto
said target polvnucleotide based on complementarity to said target polynucleotide, and wherem said
second sequencing reagent 1s provided prior to or subsequent to providing said first sequencing
reagent, and

¢} obtaining sequence information for at least a portion of said target polynucleotide by
detecting fluorescence enussion resulting from said first label and second label after incorporation
of said nucleotide monomers into said polynucleotide in said steps a} and b),

wherein the nucleotide monomers in the first sequencing reagent and the second sequencing
reagent are selected from the group consisting of the following combinations:

1) a cytosine {C) nucleotide monomer, a guanine (G) nucleotide monomer, and a
thymine (T)/uracil (U} nucleotide monomer in one sequencing reagent, and an adenine (A}

nucleotide monomer in the other sequencing reagent;
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2} an adenine {A) nuclectide monomaer, a guanine (3} nuclectide monomer, and a
thymine {T)/uracil (U) nucleotide monomer in one sequencing reagent, and a cytosine {C)
nucleotide monomer in the other sequencing reagent; and

3) an adenine (A) nucleotide monomer, a cytosine (C) nucleotide monomer, and a
thymine (T)/uracil (U) nucleotide monomer in one sequencing reagent, and a guanine {G)
nucleotide monomer in the other sequencing reagent; and

43 an adenine {A) nucleotide monomer, a cytosine (C) nucleotide monomer, and a
guanine {G) nucleotide monomer in one sequencing reagent, and a thymine (T ) uracil (U)

nucleotide monomer in the other sequencing reagent.

72, The method of claim 71, wherein said first labels for said three different nucleotide
monomers in step a) and said second label for said one nucleotide monomer in step b) are the same

fabel.

73. The method of claim 71 or 72, wheremn multiple rounds of steps a) and b) are

conducted, each round using a combination selected from the combinations 1}-4).

74. The method of claim 73, wherein at least two, three, or four sets of sequence
information are obtained in step ¢}, the method comprising:

conducting multiple rounds of steps a) and b) using combination 1) in a furst sequencing
reaction volume to obtain a first set of sequence information,

conducting multiple rounds of steps a) and b} using combination 2) 1n a second sequencing
reaction volume to obtain a second set of sequence imformation,

conducting multiple rounds of steps 3) and b} using combination 3} in a third sequencing
reaction volume to obtain a third set of sequence information, and/or

conducting multiple rounds of steps 3) and b} using combination 4) in a fourth sequencing

reaction volume to obtain a fourth set of sequence mformation.

75. The method of claim 74, wherein the first, second, third, and fourth sets of sequence

mformation are obtained in parallel from separate sequencing reaction volumes.
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76. The method of claim 74, wherein the first, second, third, and fourth sets of sequence
mformation are obtained sequentially from the same sequencing reaction volume, wherein the

products of an earlier sequencing reaction are removed before the next sequencing reaction starts.

77. The method of any one of claims 74-76, further comprising comparing the at least

two, three, or four sets of sequence information to reduce or elimnate the sequence error(s}.

78. The method of claim 77, wherein the comparison mndicates no error in the obtained
target polynucleotide sequence when the at least two, three, or four sets of sequence information are

consistent with each other.

79. The method of claim 77, wherein the comparison indicates error in the obtained
target polynucieotide sequence when the at least two, three, or four sets of sequence imformation

comprise a discrepancy in at least one nucleotide residue of the target polynucleotide sequence.

80. The method of claim 79, further comprising correcting at least one nucleotide residue
in the obtained target polynucieotide sequence such that after the correction, the at least two, three,
or four sets of sequence information are consistent with each other, wherein optionally the at least
one nucleotide residue in one set of sequence information is corrected by an nsertion or deletion at
the position where the error occurs, wherein the insertion extends the sequence by at least one
nucleotide, and sequence information from one or more other sets of sequence information 1s
compared with the extended sequence in order to arrive at the corrected sequence, and wherein the
deletion shortens the sequence by at least one nucleotide, and sequence information from one or
more sets of sequence information is compared with the shortened sequence 1n order to arrive at the

corrected sequence.

g1 A kit or system for obtaining sequence information of a polynucleotide, said kit or
syster comprising:

a} a first sequencing reagent comprising at least two different nucleotide monomer/first label
conjugates that are substantially non-fluorescent until after incorporation of said nucleotide

monomer mto a polynucleotide based on complementarity to a target polynucieotide; and
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b} a second sequencing reagent comprising one or more nuclestide monomers/second label
conjugate(s) that is or are substantially non-fluorescent until after incorporation of said nucleotide
monomer(s} into a polynuclestide based on complementarity to said target polyvnucleotide, at least
one of said one or more nucleotide monomers being different from said nuclectide monomers
present in said first sequencing reagent, and

¢} a detector for detecting fluorescence emission resulting from said first label and second

label after imcorporation of said nucleotide monomers into said polynucleotide.

82. The kit or system of claim 81, which further comprises a first polynucleotide

replicating catalyst and/or a second polynucleotide replicating catalyst.

83 The kit or system of claim 81 or 82, wherein the first and/or second label is

conjugated to a terminal phosphate group of the nucleotide monomer.

84 The kit or system of claim 83, which further comprises an activating enzyme for
releasing the first and/or second label(s) from the ternunal phosphate group of the nuclestide

maonomer.

&5. The kit or system of any of claims 81-84, which further comprises a solid surface

upon which a target polynucleotide 1s configured to be immobilized.
6. The kit or system of claim 85, wherein the solid surface is a part of a microreactor.

87. The kit or system of any of claims 81-86, which further comprises means for
obtamning sequence information for at least a portion of a target polynucleotide based on the
fluorescence emission resulting from the first label and second label after incorporation of the

nucleotide monomers into the polynucleotide.

88. The kit or system of claim 87, wherein the means comprises a computer readable
medium containing executable mstructions that when executed obtaining sequence information for
at least a portion of a target polynucleotide based on the fluorescence emission resulting from the

first label and second label after incorporation of the nucleotide monomers nto the polyoucleotide.
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89. The kit or system of any of claims 81-88, which further comprises means for
comparing multiple sequences to obtain a non-degenerate sequence and/or to reduce or ¢liminate

sequence error(s} in the non-degenerate sequence.

90, The kit or system of claim 89, wherein the means comprises a computer readable
medium containing executable instructions that when executed comparing multiple sequences to
obtain a non-degenerate sequence and/or to reduce or eliminate sequence error(s} in the non-

degenerate sequence.

91. A method of correcting an error of sequencing information, comprising;

(a) obtaining information of the leading and/or lagging dephasing phenomenon of a
sequencing reaction, using parameter estimation based on a sequencing signal from one or more
reference polynucleotides during the sequencing reaction and the known nucleic acid sequence(s) of
the reference polynucleotide(s);

(b) obtaining a sequencing signal from a target polynucleotide during the sequencing
reaction;

{(c) calculating a secondary lead amount of the target polynucleotide based on the
mnformation obtained in step (a) and the sequencing signal obtained from step (b};

(d} calculating the dephasing amount of the target polynucleotide based on the sequencing
signal obtained from step {b) and the secondary lead amount of step {(c);

(e} correcting the sequencing signal obtamned from step (b} using the dephasing amount in
order to generate a predicted sequencing signal of the target polynucleotide;

(f) repeating steps (¢} to {e) one or more rounds, wherein the predicted sequencing signal
from round 7 1s used to calculate the secondary lead amount of the target polynucleotide in round
i+1, unti the predicted sequencing signal of the target polynucleotide from round f 18
mathematically convergent, wherein { and j are integers and 1<§ <i+1 <j,

wherein the secondary lead phenomenon refers to that during sequencing, an unexpected
nucleotide extension occurs at a residue of the target polynucleotide, and the unexpected extension
1s further extended by a nucleotide expected for the next residue, and

wherein the dephasing amount comprises a change in the sequencing result due to the

leading and/or lagging dephasing phenomenon during sequencing,
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92. The method of claim 91, wherein the parameter estimation in step (a) comprises

obtaining an attenuation coefficient.

93. The method of claim 91 or 92, wherein the parameter estimation in step {a) further

comprises obtaining an offset amount.

94. The method of any of claims 91-93, wherein the parameter estimation in step (a)

further comprises obtaining a unit signal mformation.

95 The method of any of claims 91-94, wherein the parameter estimation in step (2)
comprises obtaining the lead coefficient and/or lag coetticient with respect to each nucleotide or

nucleotide combination.

96. The method of any of claims 91-95, comprising obtaining the information of the
leading and/or lagging dephasing phenomenon of each round of sequencing reaction when multiple

rounds of sequencing reactions are performed.

97. The method of any of claims 1-80, wherein the sequence information is processed

{e.g., corrected) by the method of any of claims 91-96.

98. A method of correcting an error of sequencing information, comprising;

(a) performing parameter estimation based on a sequencing signal from one or more
reference polynucleotides during the sequencing reaction and the known nucleic acid sequence(s) of
the reference polynuclectide(s);

(b} obtaining a sequencing signal from a target polynucleotide during the sequencing
reaction;

¢y calculating the secondary lead amount of the target polynucleotide based on the
mformation of leading or lagging dephasing obtained by the parameter estimation in step {(a) and the
sequencing signal obtained from step (b);

(d) calculating the dephasing amount of the target polynucleotide based on the sequencing
signal obtained from step (b) and the secondary lead amount of step (c);

(e} correcting the sequencing signal obtained from step (b) using the dephasing amount 1n

order to generate a predicted sequencing signal of the target polynucleotide;
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(f) repeating steps (¢} to (&) one or more rounds, wherein the predicted sequencing signal
from round { is used to calculate the secondary lead amount of the target polynuclestide 1in round
i+1, until the predicted sequencing signal of the target polvnucleotide from round j 1s
mathematically convergent, wherein i and j are integers and 1<7 < j+1 <j,

wherein the parameter estimation comprises obtaining the lead amount, the lag amount, the
attenuation coefficient, and/or the offset amount, based on the the sequencing signal from the
reference polynucleotide(s} and the known nucleic acid sequence(s) of the reference
polynucleotide(s),

wherein the secondary lead phenomenon refers to that during sequencing, an unexpected
nucleotide extension occurs at a residue of the target polynucleotide, and the unexpected extension
is further extended by a nucleotide expected for the next residue, and

wherein the dephasing amount comprises a change n the sequencing result due to the

leading and/or lagging dephasing phenomenon during sequencing.

99. The method of any of claims 1-80, wherein the sequence information is processed

{e.g., corrected) by the method of claim 98,

100, A method of correcting a lead amount during sequencing, comprising:

obtaining a sequencing signal from a target polynucleotide during a sequencing reaction that
corresponds o the sequence of the target polynucleotide; and

correcting the sequencing signal from the target polynucleotide with a secondary lead
amount due to the secondary lead phenomenocn, optionally using parameter estimation;

wherein the secondary lead phenomenon refers to that during sequencing, an unexpected
nucleotide extension occurs at a residue of the target polynucleotide, and the unexpected extension

1s further extended by a nucleotide expected for the next residue.

101, The method of claim 100, wherein the sequencing signal from a target
polvnucieotide comprises a primary lead amount due to the primary lead phenomenon, wherein the

primary lead phenomenon refers to that during sequencing, an unexpected nucleotide extension

o0

occurs at a residue of the target polynucieotide.
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102, The method of claim 100 or 101, wherein if the sequencing signal from a particular
nucleotide residue of the target polvnucleotide 15 close to a unit signal, then the sequencing signal s
corrected using the secondary lead amount,

wherein the deviation of the sequencing signal intensity from the unit signal intensity is
within about 60%, within about 50%, within about 40%, within about 30%, within about 20%,

within about 10%, or within about 5%.

103.  The method of any of claims 100-102, wherein when the n” sequencing signal is
obtained, the method comprises:

comparing the sequencing signal of a reference polynucleotide with the known sequence of
the reference polynucleotide in order to identify an error during sequencing and a method of
correcting the error;

using the sequencing signal of the target polynucleotide prior to n and the method of
correcting error to obtain a corrected sequencing signal, e g., by feeding back the sequencing signal
of the target polynucleotide prior to n into the method of correcting error; and

determining if a secondary lead amount exists at residue n by comparing the sequencing

signal of the target polynucleotide at residue n with the corrected sequencing signal.

104,  The method of any of claims 91-103, wherein the sequencing comprises adding one
of more sequencing regents into the reaction solution, wherein the one or more sequencing regents

optionally comprise a nucleotide and/or an enzyme.

105, The method of any of claims 91-104, wherein n the sequencing, one, two, or three,

types of nucleotides are added in each sequencing reaction.

106.  The method of any of claims 91-105, wherein the sequencing reaction involves an

open or unblocked 37 end of a polynucleotide.

107 The method of any of c¢laims 91-106, wherein mn the sequencing, the added

nucleotide(s) comprises one or more of A, G, C, and T, or one or more of A, G, C, and U,
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109, The method of any of claim 91-107, wherein in the sequencing, the detected
sequencing signal comprises an electrical signal, a bicluminescent signal, a chemiluminescent

signal, or any combination thereof.

116, The method of any of claims 91-109, wherein the parameter estimation comprises:

deducing the ideal signal h according to the reference polynucleotide,

calcuiating the dephasing signal {or the phase mismaich) s and the predicted original
sequencing signal p based on the preset parameters, and

calculating the correlation coefficient ¢ between p and the actual original sequencing signal f

111, The method of claim 110, wherein the method further comprises using an
optimization method to find a set of parameters so that the correlation coefficient ¢ reaches the

optimal value.

112, The method of claim 111, wherein the set of parameters comprises a lead coefficient
or amount, a lag coefficient or amount, an attenuation coefficient, an offset amount, a unit signal, or

any combination thereof

113, The method of any of claims 91-112, wherein during the sequencing, two groups of
reaction solutions are provided, each group containing one or more nucleotides different from the

other group, and one reaction solution is provided in each sequencing reaction.

114, The method of claim 113, wherein the two groups of reaction solutions are used in

an alternating manner to perform the sequencing reactions.

115, The method of any of claims 91-114, wherein the sequencing of the target

polynucleotide and the reference polynucleotide is performed simultaneously.

116,  The method of any of claims 91-115, wherein the reference polynucleotide 1s used
for parameter estimation in order to obtain one or more of the following parameters of the
sequencing reaction: a lead coefficient or amount, a lag coefficient or amount, an atienuation

coefficient, an offset amount, and a unit signal.
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117.  The method of any of claims 91-116, wherein the signal of the target polynucleotide
is corrected using one or more parameters of the sequencing reaction obtained by parameter

estimation.

118,  The method of any of claims 91-117, wherein the target polynucleotide comprises a
tag comprising a known sequence and/or known amount of nucleotides, and the nucleotides of

known sequence and/or known amount are used to generate a unit signal of the sequencing reaction.

119, The method of any of claims 91-118, wherein the unit signal at each sampling point

1s different.

120, The method of any of claims 1-80, wherein the sequence information is processed

{e.g., corrected) by using a method of any of claims 100-119.

121. A computer readable medium comprising an instruction for correcting an error of
sequencing information, which mnstruction comprises the steps of:

a} receiving sequencing information of a target polynucleotide and a reference
polvnucleotide; and

b} correcting the sequencing information of the target polynucleotide using the method of

any of claims 91-120

122. A computer system for sequencing, comprising the computer readable medium of

claim 121.
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