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ALTERNATIVE NUCLEOTDE FLOWS IN 
SEQUENCING-BY-SYNTHESIS METHODS 

RELATED APPLICATIONS 

This application is a continuation of U.S. Nonprovisional 
patent application Ser. No. 13/689.252, filed on Nov. 29, 
2012, which is a continuation of U.S. Nonprovisional patent 
application Ser. No. 13/157,865, filedon Jun. 10, 2011, which 
claims the benefit of U.S. Provisional Application Ser. No. 
61/354,173, filed on 11 Jun. 2010, which is incorporated by 
reference herein. 

SEQUENCE LISTING 

The instant application contains a Sequence Listing which 
has been submitted via EFS-Web in parent application U.S. 
patent application Ser. No. 13/689.252 and is hereby incor 
porated by reference in its entirety. Said ASCII copy, created 
on Mar. 8, 2013, is named LT00346CON SL.txt and is 812 
bytes in size. 

TECHNICAL FIELD 

The present teachings relate to nucleic acid sequencing, 
and more particularly, to the correction of errors that can arise 
in sequencing-by-synthesis techniques. 

BACKGROUND 

Several next-generation DNA sequencing approaches, 
often referred to as “sequencing-by-synthesis' approaches, 
use repeated cycles of primer extension with a DNA poly 
merase to generate a sequence of signals containing nucle 
otide sequence information of populations of template mol 
ecules. See, e.g., Hert et al., ELECTROPHORESIS, 29:4618-4626 
(2008); Metzker, NATURE REVIEWS GENETICs, 11:31-46 (2010): 
Droege et al., J. BIOTECHNOLOGY, 136:3-10 (2008). A common 
problem in these approaches is the "dephasing of primer 
extensions because of the accumulation of the cycle-to-cycle 
effects of incomplete extension and/or inappropriate exten 
sions (“carry forward'), which lead to significant reductions 
in the signal-to-noise ratio as sequencing progresses. See, 
e.g., Ronaghi, GENOME RESEARCH, 11:3-11 (2001); Leamon et 
al, CHEMICAL REVIEWS, 107:3367-3376 (2007); Chen et al. 
International Patent Publication WO 2007/098049. Cur 
rently, such inefficiencies are dealt with by signal processing 
Software, such as those described in Leamon et al. (cited 
above) and Chen et al. (cited above). But as longer read 
lengths and alternative detection schemes are sought, Such as 
schemes for label-free extension detection (see, e.g., Roth 
berget al., U.S. Patent Publication 2009/0127589), alternative 
methods for addressing signal loss from incomplete exten 
sion or carry forward errors would be highly desirable. 

SUMMARY 

In various embodiments, the present teachings apply to 
sequencing-by-synthesis techniques to sequence a template 
polynucleotide strand. To addresses the problem of incom 
plete extension (IE) and/or carry forward (CF) errors that can 
occur in sequencing-by-synthesis reactions, an alternative 
flow ordering of the nucleotides may be used. In various 
embodiments, alternative flow ordering may reduce and/or 
correct the loss of phasic synchrony in the population of 
template polynucleotide strands that result from IE and/or CF 
COS. 
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2 
In one embodiment, the present teachings provide a 

method of sequencing a polynucleotide strand, comprising: 
(a) providing the polynucleotide strand with a primer 
annealed thereto and a polymerase operably bound to the 
polynucleotide strand; and (b) Successively exposing the 
polynucleotide strand to the flow of four different dNTPs 
according to a predetermined ordering, wherein the predeter 
mined ordering comprises an alternate ordering which is not 
a continuous repeat of an ordering of the four different 
dNTPs. 

In another embodiment, the present teachings provide an 
apparatus for sequencing a polynucleotide strand, compris 
ing: (a) a flow chamber for receiving flows of different dNTP 
reagents; (b) multiple reservoirs that each contain a different 
dNTP reagent; (c) flow paths from each of the reservoirs to the 
flow chamber; and (d) a fluidics controller that controls the 
flow from the reservoirs to the flow chamber, wherein the 
fluidics controller is programmed to Successively provide 
flow from the multiple reservoirs to the flow chamber accord 
ing to a predetermined ordering, wherein the predetermined 
ordering comprises an alternate ordering which is not a con 
tinuous repeat of an ordering of the four different dNTP 
reagent flows. 

In another embodiment, the present teachings provide a 
method of performing template-based extension of a primer, 
comprising: providing at least one template polynucleotide 
Strand having a primer and polymerase operably bound 
thereto; and Successively exposing the template polynucle 
otide strand to a plurality of each kind of flow such that (a) a 
flow of one kind is always followed by a flow of a different 
kind; and (b) at least one flow of each kind is followed by a 
flow of the same kind after a single intervening flow of a 
different kind. 

In another embodiment, the present teachings provide a 
method of determining the sequence of a template polynucle 
otide Strand by template-based extension of a primer, com 
prising: (a) delivering a known nucleoside triphosphate pre 
cursor to a template-based primer extension reaction of a 
polynucleotide strand, the known nucleoside triphosphate 
precursor being delivered according to a predetermined 
ordering of dNTP flows; (b) detecting incorporation of the 
known nucleoside triphosphate whenever its complement is 
present in the template polynucleotide strand adjacent to the 
primer; and (c) repeating steps (a) and (b) until the sequence 
of the template polynucleotide strand is determined; wherein 
the predetermined ordering of dNTP flows is defined by (i) a 
flow of one kind is always followed by a flow of a different 
kind; and (ii) at least one flow of each kind is followed by a 
flow of the same kind after a single intervening flow of a 
different kind. 

In another embodiment, the present teachings provide a 
method for sequencing a template polynucleotide strand 
comprising: (a) disposing a plurality of template polynucle 
otide strands into a plurality of reaction chambers, each reac 
tion chamber comprising a template polynucleotide strand 
having a sequencing primer hybridized thereto and a poly 
merase operably bound thereto; (b) introducing a known 
nucleoside triphosphates into each reaction chamber accord 
ing to a predetermined ordering of dNTP flows; (c) detecting 
sequential incorporation at the 3' end of the sequencing 
primer of one or more nucleoside triphosphates if the known 
nucleoside triphosphate is complementary to corresponding 
nucleotides in the template nucleic acid; (d) washing away 
unincorporated nucleoside triphosphates from the reaction 
chamber; and (e) repeating steps (b) through (d) until the 
polynucleotide Strand is sequenced; wherein the predeter 
mined ordering of dNTP flows is defined by (i) a flow of one 
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kind is always followed by a flow of a different kind; and (iii) 
at least one flow of each kind is followed by a flow of the same 
kind after a single intervening flow of a different kind. 

In another embodiment, the present teachings provide a 
method of sequencing a polynucleotide strand, comprising: 
providing the polynucleotide Strand with a primer annealed 
thereto and a polymerase operably bound to the polynucle 
otide strand; Successively exposing the polynucleotide Strand 
to the flow of four different dNTPs according to a first pre 
determined ordering; and Successively exposing the poly 
nucleotide strand to the flow of four different dNTPs accord 
ing to a second predetermined ordering, wherein the second 
predetermined ordering is different from the first predeter 
mined ordering. 

BRIEF DESCRIPTIONS OF THE DRAWINGS 

FIG. 1 shows an exemplary sequencing-by-synthesis pro 
CCSS, 

FIG. 2 shows examples of IE and CF errors that may occur 
during sequencing. FIG. 2 discloses SEQID NO: 1. 

FIGS. 3A and 3B show an exemplary alternate flow order 
ing that may be used to improve phasic synchrony in a popu 
lation of template polynucleotide strands. FIGS. 3A and 3B 
disclose SEQID NO: 1. 

FIGS. 4A and 4B show an exemplary alternate flow order 
ing that may be used to improve phasic synchrony in a popu 
lation of template polynucleotide strands. FIGS. 4A and 4B 
disclose SEQID NO: 2. 

FIG. 5 is a diagram showing a sequencing apparatus 
according to an embodiment of the present teachings. 

FIG. 6 shows a close-up, cross-sectional view of a flow cell 
according to an embodiment of the present teachings. 

FIG. 7 shows sample ionograms from a sequencing simu 
lation of a test fragment. 

DETAILED DESCRIPTION 

The practice of the present teachings may employ, unless 
otherwise indicated, conventional techniques and descrip 
tions of organic chemistry, molecular biology (including 
recombinant techniques), cell biology, and biochemistry. 
Such conventional techniques include, but are not limited to, 
preparation of synthetic polynucleotides, polymerization 
techniques, chemical and physical analysis of polymer par 
ticles, nucleic acid sequencing and analysis, and the like. 
Specific illustrations of Suitable techniques are given in the 
examples below. However, other equivalent conventional 
procedures can also be used. Such conventional techniques 
and descriptions can be found in Standard laboratory manuals 
Such as GENOME ANALYSIS: A LABORATORY MANUAL SERIES (vols. 
I-IV): PCR PRIMER: A LABORATORY MANUAL: MOLECULAR CLON 
ING: A LABORATORY MANUAL (all from Cold Spring Harbor 
Laboratory Press); Hermanson, BIOCONJUGATE TECHNIQUES, 2nd 
ed. (Academic Press, 2008); and the like. 

Sequencing-by-Synthesis 

The present teachings apply sequencing-by-synthesis 
techniques to sequence a template polynucleotide strand. In 
general, sequencing-by-synthesis (SBS) may refer to meth 
ods for determining the nucleotide sequence of a target poly 
nucleotide by a polymerase extension reaction. In various 
embodiments, the process sequences one or more template 
polynucleotide Strands, which may be provided in any Suit 
able manner. In some embodiments, the template Strands may 
be coupled to or associated with a Support, such as a micro 
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4 
particle, bead, or the like, and are loaded into reaction cham 
bers. In other embodiments, the template polynucleotide 
Strands may be associated with a substrate Surface or present 
in a liquid phase with or without being coupled to a Support. 
For example, templates may be prepared as described in U.S. 
Pat. No. 7.323,305, which is incorporated by reference. 

During a typical sequencing reaction, a primer is annealed 
to the template polynucleotide Strand to form a primer-tem 
plate duplex, and a polymerase is operably bound to the 
primer-template duplex so that it is capable of incorporating 
a nucleotide onto the 3' end of the primer. As used herein, 
“operably bound may refer to the primer being annealed to a 
template strand so that the primer's 3' end may be extended by 
a polymerase and that a polymerase is bound to the primer 
template duplex, or in close proximity thereof. So that exten 
sion can take place when dNTPs are flowed. The primer 
template-polymerase complex is subjected to repeated 
exposures of different nucleotides. If a nucleotide(s) is incor 
porated, then the signal resulting from the incorporation reac 
tion is detected. A wash step may be performed to remove 
unincorporated nucleotides prior to the next nucleotide expo 
sure. After repeated cycles of nucleotide addition, primer 
extension, and signal acquisition, the nucleotide sequence of 
the template strand may be determined. 
The present teachings may use any of a variety of sequenc 

ing techniques and is particularly Suitable for sequencing-by 
synthesis techniques. Examples of Such techniques are 
described in the literature, including the following, which are 
incorporated by reference: Rothberg et al., U.S. Patent Publi 
cation 2009/0026082; Anderson etal, SENSORS AND ACTUATORS 
BCHEM., 129:79-86 (2008); Pourmandet al. PROC. NATl. ACAD. 
SCI, 103:6466-6470 (2006). Variants of sequencing-by-syn 
thesis techniques include methods where the nucleotides are 
modified to be reversible terminators (sometimes referred to 
as cyclic reversible termination (CRT) methods, as described 
in Metzker (cited above)) and methods where the nucleotides 
are unmodified (sometimes referred to as cyclic single base 
delivery (CSD) methods). The incorporation reaction gener 
ates or results in a product or constituent with a property 
capable of being monitored and used to detect the incorpora 
tion event. Non-limiting examples of Such properties that may 
be associated with incorporation reactions include changes in 
magnitude (e.g., heat) or concentration (e.g., pyrophosphate 
and/or hydrogen ions), and signal (e.g., fluorescence, chemi 
luminescence, light generation). In the various approaches, 
the amount of the detected product or constituent may be 
monotonically related to the number of nucleotides incorpo 
rated. Non-limiting examples of Suitable sequencing chem 
istries include that used on the Genome Analyzer/HiSeq/ 
MiSeq platforms (Illumina, Inc.; See, e.g., Balasubramanian, 
U.S. Pat. Nos. 6,833.246 and 5,750,341); those applying 
pyrosequencing-based sequencing methods such as that used 
by Roche/454 Technologies on the GS FLX, GS FLX Tita 
nium, and GS Junior platforms (see, e.g., Ronaghi et al. 
SCIENCE, 281: 363 (1998); and Maguiles et al (cited above)); 
and those by Life Technologies/Ion Torrent in the PGM sys 
tem (see, e.g., US 2010/01371.43 and US 2009/0026082). 

In an exemplary conventional SBS method, the four nucle 
otides are sequentially and repeatedly delivered (flowed) in 
the same order. For example, the first nucleotide delivered 
may be dATP, then dCTP, then dGTP, then dTTP (or a per 
mutation thereof), after which this sequence is repeated. Such 
deliveries of nucleotides to a reaction vessel or chamber may 
be referred to as “flows’ of nucleotide triphosphates (or 
dNTPs). For convenience, a flow of dATP will sometimes be 
referred to as “a flow of A' or “an A flow, and a sequence of 
flows may be represented as a sequence of letters, such as 
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“ATGT indicating “a flow of dATP, followed by a flow of 
dTTP, followed by a flow of dGTP, followed by a flow of 
dTTP. In each flow step of the cycle, the polymerase may 
generally extend the primer by incorporating the flowed 
dNTP where the next base in the template strand is the 
complement of the floweddNTP. Thus, if there is one comple 
mentary base, then one base or dNTP incorporation is 
expected; if two complementary bases, then two incorpora 
tions are expected; if three complementary bases, then three 
incorporations are expected, and so on. 
The present teachings may use any of various techniques 

for detecting the nucleotide incorporation(s). For example, 
Some sequencing-by-synthesis techniques provide for the 
detection of pyrophosphate (PPi) released by the incorpora 
tion reaction (see, e.g., U.S. Pat. Nos. 6,210,891; 6.258,568; 
and 6,828,100). In another example, Some sequencing-by 
synthesis techniques may detect labels associated with the 
nucleotides, such as mass tags, fluorescent, and/or chemilu 
minescent labels. Where detectable labels are used, an inac 
tivation step may be included in the workflow (e.g., by chemi 
cal cleavage or photobleaching) prior to the next cycle of 
synthesis and detection. 

In certain embodiments, the present teachings may use a 
pH-based method of detecting nucleotide incorporation(s). 
Such an approach may detect hydrogenions released from the 
polymerase-catalyzed extension reactions in the absence of a 
specific label or tag. The hydrogen ions released by 
a population of template strands undergoing the base incor 
poration(s) will change the local pH of the reaction chamber, 
which can be detected. Thus, in pH-based methods for DNA 
sequencing, base incorporations are determined by measur 
ing these hydrogen ions that are generated. Additional details 
of pH-based sequence detection systems and methods may be 
found in commonly-assigned U.S. Patent Application Publi 
cation No. 2009/0127589 and No. 2009/0026082, which are 
incorporated by reference. While the examples below are 
discussed in connection with pH-based sequence detection, it 
will be appreciated that the present teachings may be readily 
adapted to other sequencing approaches such as the exem 
plary technologies mentioned above including pyro-sequenc 
ing. Such approaches can likewise benefit from the phase 
correction, signal enhancement, improved accuracy and 
noise reduction features of the alternative nucleotide flows 
approaches described herein and are understood to be within 
the scope of the present teachings. 

It will be appreciated that in connection with pH-based 
detection methods, the production of hydrogen ions may be 
monotonically related to the number of contiguous comple 
mentary bases in the template Strands (as well as the total 
number of template molecules with primer and polymerase 
that participate in an extension reaction). Thus, when there is 
a number of contiguous identical complementary bases in the 
template (i.e., a homopolymer region), the number of hydro 
gen ions generated, and therefore the magnitude of the local 
pH change, is generally proportional to the number of con 
tiguous identical complementary bases. (The corresponding 
output signals may sometimes be referred to as "1-mer. 
“2-mer”, “3-mer output signals, and so on, based on the 
expected number of repetitive bases). Where the next base in 
the template is not complementary to the flowed dNTP gen 
erally no incorporation occurs and there is no substantial 
release of hydrogen ions (in which case, the output signal is 
sometimes referred to as a “0-mer output signal). 

In each wash step of the cycle, a wash solution (typically 
having a predetermined pH) is used to remove residual dNTP 
of the previous step in order to prevent misincorporations in 
later cycles. Usually, the four different kinds of dNTP are 
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6 
flowed sequentially to the reaction chambers, so that each 
reaction is exposed to one of the four different dNTPs for a 
given flow, such as in the following sequence: dATP, dCTP, 
dGTP, dTTP, dATP, dCTP, dGTP, dTTP, and so on, with the 
exposure, incorporation, and detection steps followed by a 
wash step. An example of this process is illustrated in FIG. 1, 
which shows a template strand 682 attached to a particle 680. 
Primer 684 is annealed to template strand 682 at its primer 
binding site 681. A DNA polymerase 686 is operably bound 
to the template-primer duplex. Template strand 682 has the 
sequence 685, which is awaiting complementary base incor 
poration. Upon the flow of dNTP (shown as dATP), poly 
merase 686 incorporates a nucleotide since “T” is the next 
nucleotide in template strand 682 (because the “T” base is 
complementary to the flowed dATP nucleotide). Wash step 
690 follows, after which the next dNTP (dCTP) is flowed 692. 
Optionally, after each step of flowing a dNTP, the reaction 
chambers may be treated with a dNTP-destroying agent (such 
as apyrase) to eliminate any residual dNTPs remaining in the 
chamber, which can cause spurious extensions in Subsequent 
cycles. 

FIG.2 shows an example of IE and CF errors. FIG. 2 shows 
three DNA duplexes. For each duplex, the bottom row of 
boxes represents the template polynucleotide strand 32 and 
the top row of boxes represents the complementary extension 
strand 30 being extended by the polymerase. The extension 
Strand includes the primer portion, as indicated by the bar. In 
this figure, the ()-filled boxes indicate the incorporation of 
complementary nucleotides. 
The top DNA duplex (labeled “in-phase') represents mem 

bers of the population that are in the correct phase, i.e., in 
phase. The middle DNA duplex (labeled “IE) represents a 
portion of the population that has experienced an exemplary 
omission at the C nucleotide, i.e., an incomplete extension 
error causing dephasing of the population. The bottom DNA 
duplex (labeled “CF) represents a portion of the population 
that has experienced an exemplary erroneous incorporation at 
the G nucleotide, i.e., a carry forward error causing dephasing 
of the population. 

Alternate Flow Orderings 

The present teachings address the problem of incomplete 
extension (IE) and/or carry forward (CF) occurrences in 
sequencing reactions by using an alternative (non-sequential) 
ordering for delivering nucleotides. This alternative ordering 
may reduce and/or correct the loss of phasic synchrony in the 
population of template polynucleotide Strands that result 
from IE and/or CF occurrences. As used herein, an “alterna 
tive ordering of dNTP flows means that the ordering is not a 
continuous repeat of an ordering of the four different dNTPs. 
In other words, in an alternate flow ordering, the dNTPs are 
flowed in an order that is not a contiguous, sequential repeti 
tion of the same 4-member units, each 4-member unit being a 
sequence of the four different dNTPs. This alternate flow 
ordering represents at least Some portion of the sequencing 
U. 

The alternate flow ordering may be reflected in the overall 
predetermined flow ordering in any of various ways. In some 
embodiments, the alternate flow ordering constitutes one or 
more parts of the overall predetermined ordering, with one or 
more other parts of the overall predetermined ordering using 
a conventional flow ordering (i.e., not an alternate flow order 
ing). For example, the alternate flow ordering may be used 
intermittently with a conventional flow ordering. In some 
embodiments, the overall predetermined ordering consists of 
only the alternate flow ordering throughout the sequencing 
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run. In some embodiments, the method may be implemented 
with real-time detection of CF and/or IE errors and applying 
the alternate flow ordering in response to the error detection. 
For example, the alternate flow ordering may be used when 
the CF and/or IE errors reach a certain threshold level. In 
Some embodiments, the alternate flow orderings may be used 
according to the position in the sequence read. For example, 
the alternate flow ordering may be used after a certain read 
length of the sequence or used more frequently at later stages 
of the sequence read. This may be useful in instances where 
the CF and/or IE errors increase at later stages of the read or 
in longer reads. 

In some cases, the overall predetermined ordering com 
prises a first predetermined ordering for the flow of four 
different dNTPs and a second predetermined ordering for the 
flow of the four different dNTPs, with the second predeter 
mined ordering being different from the first predetermined 
ordering. For example, the first predetermined ordering may 
be a conventional flow ordering and the second predeter 
mined ordering may be an alternate flow order. 

In certain embodiments, the present teachings may be 
directed to any sequencing method (including SBS methods) 
where delivery of dNTPs to a reaction is not a continuous 
repetition of the same initial ordering of flows of the four 
dNTPs, such as: ACGT-ACGT-ACGT-... and so on. Such an 
initial ordering of dNTP flows may be any permutation of 
ACGT, such as ACTG, TGCA, and so on. The alternate flow 
ordering may be implemented in a variety of different ways. 
In certain embodiments of the present teachings, the dNTPs 
are delivered in a predetermined ordering that comprises an 
alternate ordering where (a) a flow of one kind is always 
followed by a flow of a different kind; and (b) at leastoneflow 
of each kind is followed by a flow of the same kind after a 
single intervening flow of a different kind. In some cases, the 
number of flows of each kind in the alternative ordering is the 
SaC. 

If “N” is used to represent the flow of any one of dATP, 
dCTP, dGTP, or dTTP, then in one example, the predeter 
mined ordering of dNTP flows can include the following 
subsequence: N-W-N for each dNTP N, where W is any 
dNTP not N. In another example, the ordering of dNTP flows 
can include an alternate ordering with the following Subse 
quence: N-W-N-Z for each dNTP N, where W is any dNTP 
not N, and Z is any dNTP that is neither N nor W. Flow 
orderings of the present teachings may have a variety of 
lengths, which are the total number of flows making up a 
predetermined ordering. In some cases, the lengths of the flow 
orderings may be provided in Subsets comprising a multiple 
of defined base flows. For example, the length of the flow 
orderings in the present teachings may be any multiple of 
four, eight, or other multiples. An exemplary 8-flow ordering 
of the present teachings is AT-AC-GC-GT, where the “GC-G” 
Subsequence (representing a N-W-N sequence) is present. 
Note also that there is a “T-AT subsequence (representing a 
N-W-N sequence) when the 8-flow ordering is contiguously 
repeated. In certain embodiments, alternate flow orderings of 
the present teachings have a length selected from the group 
consisting of 8, 12, 16, 20, 24, 28 and 32. However, it will be 
appreciated that other flow ordering lengths may be used. 
Exemplary alternate flow orderings of 12 flows are TCT 
AGA-CTC-GAG and ACA-CGC-GTG-TAT. An exemplary 
alternate flow ordering of 20 flows is TACAT-ACGCA 
CGTGC-GTATG, which may be repeated one or more times 
(in part or whole) to sequence a desired template length. 

In another embodiment, the alternate flow ordering 
includes a first dNTP flow, a second dNTP flow, a third dNTP 
flow, and a fourth dNTP flow, with each flow being a different 
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dNTP; wherein the fourth dNTP flow does not occur until at 
least one of the first, second, or third dNTP flows are repeated 
at least once. For example, for the exemplary 8-flow ordering 
of AT-AC-GC-GT given above, the G nucleotide is not flowed 
until each of A, T, and C are flowed, with A being flowed 
twice. Likewise, for the exemplary 12-flow ordering of ACA 
CGC-GTG-TAT, the T nucleotide is not flowed until each of 
A, C, and G are flowed (with A being flowed twice, C being 
flowed three times, and G being flowed twice). In some cases, 
the number of flows for each of the four different dNTPs in the 
alternate flow ordering is the same. For example, for the 
exemplary 8-flow ordering of AT-AC-GC-GT given above, 
each of the four nucleotides are flowed twice. Likewise, for 
the exemplary 12-flow ordering of TCT-AGA-CTC-GAG 
and ACA-CGC-GTG-TAT given above, each of the four 
nucleotides are flowed three times. 

In various embodiments, the inclusion or removal of any 
flow of a selected nucleotide from a series of flows of a 
sequencing run may be used to impart an alternative flow 
ordering according to the present teachings. The number and/ 
or type of flow may, for example, be as few as a single added 
base flow over the course of the sequencing run (or removal of 
a selected base flow). As described above, imparting a non 
sequential four base flow ordering (e.g., not strictly GATC, 
GATC. . . . over the entire sequencing run) may provide for 
improved sequencing quality and/or signal detection by 
reducing IE and/or CF effects. 
The flow of dNTPs can be provided in any suitable manner, 

including delivery by pipettes, or through tubes or passages 
connected to a flow chamber. The duration, concentration, 
and/or other flow parameters may be the same or different for 
each dNTP flow. Likewise, the duration, composition, and/or 
concentration for each wash flow may be the same or differ 
ent. 

FIGS. 3A and 3B show an example of how the alternate 
flow ordering of the present teachings can be used to improve 
phasic synchrony. FIG.3A shows a partial view of two exem 
plary duplexes A and B, each with a polynucleotide template 
strand 36 and an extension strand 34. This view may represent 
part of a population of template strands that are being Sub 
jected to a series of flow cycles during a sequencing run. For 
each duplex, the bottom row of boxes represents the template 
strand 36 and the top row of boxes represents the complemen 
tary extension strand 34 hybridized to the template strand and 
being extended by the polymerase. In the figure, the ()-filled 
boxes indicate the incorporation of complementary nucle 
otides in a growing extension Strand. 

In this example, both templates A and B are represented as 
having already undergone in cycles of a representative con 
ventional, repeated ATGC flow ordering pattern, i.e., ATGC 
ATGC-ATGC- . . . . FIG. 3A depicts only a representative 
portion of the template/extension Strand duplex for cycles in 
through n+3. During cycle n, the template Strand B is exem 
plified with an omitted incorporation at the nucleotide base A 
(marked by the “x'). This may reflect an incomplete exten 
sion error in template strand B. Such that the extension Strand 
is out-of-phase with that of the template strand A. FIG. 3A 
shows the extension strand continuing to be extended through 
further cycles n+1, n+2, and n+3 of the repeating ATGC flow 
ordering. As seen here, after multiple further cycles, the 
extension strand on template strand B (with the IE error) 
continues to lag behind the in-phase template strand A. This 
representation of an IE occurrence is only one example and it 
will be appreciated that many different IE occurrences are 
possible and can be introduced at any point during a sequenc 
ing run. Moreover, different template strands may experience 
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different IE occurrences and a single template strand may 
have multiple IE occurrences at different positions. 

FIG.3B shows the same pair of template strands A and Bas 
in FIG.3A, also with the same IE error at the location marked 
“x'. Also, as in FIG. 3A, the templates strands have been 
subjected to n cycles of the conventional repeating ATGC 
flow ordering. However, from cycles n+1 to n+3, the flow 
ordering is changed to the alternate flow ordering of AGA 
TCT-GAG-CTC. As seen here, after the third cycle of the 
alternate flow ordering, template strand B (with the IE error) 
has been resynchronized to the in-phase template strand A. 

FIGS. 4A and 4B show another example of how the alter 
nate flow ordering of the present teachings can be used to 
improve phasic synchrony in the population oftemplate poly 
nucleotide strands. FIG. 4A shows a partial view of two 
exemplary duplexes X and Y, each with a polynucleotide 
template strand 42 and an extension strand 40. For each 
duplex, the bottom row of boxes represents the template 
Strand 42 and the top row of boxes represents the complemen 
tary extension strand 40 being extended by the polymerase. In 
this figure, the ()-filled boxes indicate the incorporation of 
complementary nucleotides. 

In this example, both templates X and Y have already 
undergone in cycles of a conventional, repeated ATGC flow 
ordering pattern, i.e., ATGC-ATGC-ATGC- . . . . FIG. 4A 
depicts a representative portion of the template/extension 
Strand duplex for cycles in through n+3. During cycle n, the 
template Strand Y experiences an erroneous additional incor 
poration at the nucleotide base C. This may reflect a carry 
forward error in template strand Y such that the extension 
strand is out-of-phase with that of the template strand X. FIG. 
4A shows the extension strand continuing to be extended 
through further cycles n+1, n+2, and n+3 of the repeating 
ATGC flow ordering. As seen here, after multiple further 
cycles, the extension strand on template strand Y (with the CF 
error) continues to be ahead of the in-phase template Strand X. 
This representation of a CF occurrence is only one example 
and it will be appreciated that many different CF occurrences 
are possible and can be introduced at any point during a 
sequencing run. Moreover, different template strands may 
experience different CF occurrences and a single template 
strand may have multiple CF occurrences at different posi 
tions. 

FIG. 4B shows the same pair oftemplate strands X andYas 
in FIG. 4A, also with the same CF error in template strand Y. 
Also, as in FIG.4A, the templates strands have been subjected 
to n cycles of the conventional repeating ATGC flow pattern. 
However, from cycles n+1 to n+3, the flow pattern is changed 
to the alternate flow ordering of AGA-TCT-GAG-CTC. As 
seen here, after a single cycle of the alternate flow ordering, 
template strand Y (with the CF error) has been resynchro 
nized to the in-phase template strand X. 

It will be appreciated that achieving or improving phasic 
synchrony desirably enhances the ability to identify nucle 
otide incorporations and correctly ascertain the sequence of 
templates undergoing analysis. In many sequencing applica 
tions, dephasing issues may be relatively small early in the 
sequencing run; however, their effects may accumulate as the 
sequencing progresses and result in degraded sequencing 
quality when longer templates are used. From a practical 
perspective, it will be appreciated that the corrective effect of 
the alternate flow ordering will desirably enhance the base 
calling abilities of a sequencing instrument by reducing or 
eliminating spurious signals associated with out-of-phase 
templates. 

In various embodiments, alternate nucleotide flows can be 
included within or in connection with a series of sequencing 
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10 
flows as a mechanism by which to counteract the accumulated 
dephasing of templates. Such alternate flows may therefore 
be used in some embodiments not to completely remove or 
alleviate dephasing, but rather as a mechanism to balance or 
reduce accumulated dephasing effects while at the same time 
maintaining an efficient or desirable number of flows to 
achieve a selected/expected throughout (e.g., the flows used 
to sequence a respective template length). Use of the present 
teachings for sequencing may result in a reduction or correc 
tion of CF and/or IE effects, improvement in phasic syn 
chrony, increased signal-to-noise ratio, and/or improved base 
calling accuracy. 

FIG. 7 shows two ionograms from a simulation of a pH 
based sequencing run for a particular test fragment using 1% 
as the error rate parameters for both CF and IE errors. The 
ionogram in the upper panel shows the signal peaks acquired 
using a conventional TACG flow order. The ionogram in the 
lower panel shows the signal peaks acquired using an alter 
nate flow ordering of TACATACGCACGTGCGTATG. The 
labeled arrows point to two example incorporation signals at 
the same sequence position on the test fragment. The '4-mer” 
arrows point to the signals from the same 4-mer homopoly 
mer subsequence of the test fragment. The “2-mer arrows 
point to the signals from the same 2-mer homopolymer Sub 
sequence of the test fragment. As seen here, the ionogram in 
the lower panel (using the alternate flow ordering) has signals 
that more clearly define the base-calling classifications as 
being 4-mer and 2-mer, as well the base-calling classifica 
tions for other signals in the test fragment. 

Sequencing Instrumentation 

Instruments for delivering reagents for multistep sequenc 
ing processes are known, and typically comprise reservoirs 
for reagents, one or more reaction chambers or areas, and 
fluidics under computer control for selecting and delivering 
the various reagents including dNTPs to the one or more 
reaction chambers or areas. Exemplary instrument systems 
for carrying out massively parallel SBS reactions with elec 
tronic detection are disclosed in Rothberg et al., U.S. Patent 
Publication No. 2009/0127589 and No. 2009/0026082; and 
Rothberg et al., U.K. Patent Application GB2461127. Like 
wise, conventional fluorescence-based SBS sequencing 
instrumentation are disclosed in Rothberg et al., U.S. Pat. No. 
7,211,390; U.S. Pat. No. 7,244,559; and U.S. Pat. No. 7,264, 
929. In fluorescence-based SBS sequencing instrumentation, 
the release of inorganic pyrophosphate from an incorporation 
reaction initiates an enzyme cascade that results in light emis 
sion, which is then detected by the instrument. The alternate 
flow orderings of the present teachings can be used with these 
and other sequencing methods and systems. 
The present teachings also provide an apparatus for 

sequencing template polynucleotide strands according to the 
method of the present teachings. A particular example of an 
apparatus of the present teachings is shown in FIG. 5. The 
apparatus of FIG. 5 is configured for pH-based sequencing 
and includes multiple reservoirs for containing reagents 1 
through K (114). These reagents contain the dNTPs to be 
flowed for the SBS process. The reagents 114 are flowed 
through fluid passages 130 and through a valve block 116 that 
controls the flow of the reagents to flow chamber 105 (also 
referred to herein as a reaction chamber) via fluid passage 
109. The apparatus includes a reservoir 110 for containing a 
wash solution that is used to wash away the dNTP reagent of 
the previous step. Reagents are discarded through waste pas 
sage 104 into a waste container 106 after exiting the flow 
chamber 105. 
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The apparatus also includes a fluidics controller 118, which 
may programmed to control the flow from the multiple 
reagent reservoirs to the flow chamber according to a prede 
termined ordering that comprises an alternate flow ordering, 
as described above. For this purpose, fluidics controller 118 
may be programmed to cause the flow of reagents 114 from 
the reagents reservoir and operate the valves 112 and 116. The 
fluidics controller may use any conventional instrument con 
trol software, such as LabView (National Instruments, Aus 
tin,Tex.). The reagents may be driven through the fluid path 
ways 130, valves, and flow cell by any conventional 
mechanism Such as pumps or gas pressure. 
The apparatus also has a valve 112 for controlling the flow 

of wash solution into passage 109. When valve 112 is closed, 
the flow of wash solution is stopped, but there is still uninter 
rupted fluid and electrical communication between reference 
electrode 108, passage 109, and sensor array 100. Some of the 
reagent flowing through passage 109 may diffuse into pas 
sage 111, but the distance between reference electrode 108 
and the junction between passages 109 and 111 is selected so 
that little or no amount of the reagents flowing in common 
passage 109 reach reference electrode 108. This configura 
tion has the advantage of ensuring that reference electrode 
108 is in contact with only a single fluid or reagent throughout 
an entire multi-step reaction process. Reference electrode 
108 may be constructed in any suitable fashion. In this par 
ticular embodiment, reference electrode 108 is a tube made of 
a conductive material which forms part of passage 111. 
Although FIG. 5 shows the reference electrode 108 as a 
cylinder that is concentric with the flow path (to represent the 
preferred configuration in which a tube of conductive mate 
rial encloses part of a flow path), other embodiments may use 
any suitable configuration for a reference electrode in a flow 
path. 
As shown in FIG.5, flow chamber 105 is loaded with a flow 

cell that includes an inlet 102, an outlet 103, and a microwell 
array 107 which is operationally associated with a sensor 
array 100 that measures physical and/or chemical parameters 
in the microwells that provide information about the status of 
a reaction taking place therein; or in the case of empty wells, 
information about the physical and/or chemical environment 
in the flow cell. Each microwell may have a sensor for detect 
ing an analyte or reaction property of interest. In this particu 
lar embodiment, the microwell array is integrated with the 
sensor array as a single chip, as explained more fully below. A 
flow cell can have a variety of designs for controlling the path 
and flow rate of reagents over the microwell array. In some 
embodiments, a flow cell is a microfluidics device, which 
may be fabricated with micromachining techniques or preci 
sion molding to include additional fluidic passages, cham 
bers, and so on. This particular apparatus has an array con 
troller 126 which receives information from sensor array 100 
and reference electrode 108 via communication line 126. A 
user interface 128 provides an interface through which a user 
may interact with the apparatus. 

FIG. 6 is an expanded and cross-sectional view of flow cell 
200 showing a portion of a flow chamber 206 with reagent 
flow 208 moving across the surface of microwell array 202 
over the open ends of the microwells. Preferably, microwell 
array 202 and sensor array 205 together form an integrated 
unit forming a bottom wall or floor of flow cell 200. In one 
embodiment, reference electrode 204 is fluidly connected to 
flow chamber 206. A microwell 201 and sensor 214 are shown 
in an expanded view. Microwell 201 is formed in the bulk 
material 210 by any conventional microfabrication tech 
nique. The Volume, shape, aspect ratio (Such as base width 
to-well depth ratio), and other dimensional characteristics of 
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the microwells are design choices that depend on a particular 
application, including the nature of the reaction taking place, 
as well as the reagents, byproducts, and labeling techniques 
(if any) that are employed. Sensor 214 is a chemFET with a 
floating gate 218 having sensor plate 220 separated from the 
microwell interior by passivation layer 216. Sensor 214 is 
predominantly responsive to (and generates an output signal 
related to) the amount of charge 224 present on the passiva 
tion layer 216 opposite of sensor plate 220. Changes in charge 
224 cause changes in the current between source 221 and 
drain 222 of the FET, which may be used directly to provide 
a current-based output signal or indirectly with additional 
circuitry to provide a Voltage-based output signal. Reactants, 
wash solutions, and other reagents move into microwells 
from flow chamber 206 primarily by diffusion 240. 

In another embodiment of the present teaching, a fluidics 
controller (e.g., fluidics controller 118 in FIG. 5) is pro 
grammed to cause the flow of dNTP reagents in the manner 
described above. Another embodiment of the present teach 
ings includes a computer-readable storage medium having 
executable instructions for performing the sequencing meth 
ods described above. The storage medium may be any type of 
computer-readable medium (i.e., one capable of being read 
by a computer), including non-transitory storage mediums 
Such as magnetic or optical tape or disks (e.g., hard disk or 
CD-ROM), solid state volatile or non-volatile memory, 
including random access memory (RAM), read-only memory 
(ROM), electronically programmable memory (EPROM or 
EEPROM), or flash memory. The term “non-transitory com 
puter-readable storage medium' encompasses all computer 
readable storage media, but excludes a transitory, propagating 
signal. As explained above, the instructions on the computer 
readable storage medium may control the operation of a flu 
idics controller or sequencing apparatus of the present teach 
1ngS. 

TERMINOLOGY 

Unless otherwise specifically designated herein, terms and 
symbols of nucleic acid chemistry, biochemistry, genetics, 
and molecular biology used herein follow those of standard 
treatises and texts in the field. See, for example, Kornberg and 
Baker, DNA REPLICATION, 2nd ed. (W.H. Freeman, New York, 
1992); Lehninger, BIOCHEMISTRY, 2nd ed. (Worth Publishers, 
New York, 1975); Strachan and Read, HUMAN MOLECULAR 
GENETICS, 2nd ed. (Wiley-Less, New York, 1999). 

“Microwell, which is used interchangeably with “reaction 
chamber, may refer to a special case of a “reaction confine 
ment region' or “reaction area. that is, a physical or chemical 
attribute of a substrate that permit the localization of a reac 
tion of interest. Reaction confinement regions may be a dis 
crete region of a Surface of a Substrate that specifically binds 
an analyte of interest, such as a discrete region with oligo 
nucleotides or antibodies covalently linked to such surface. 
Reaction confinement regions may be configured or associ 
ated with structural attributes such as hollows or wells having 
defined shapes and Volumes which are manufactured into a 
Substrate. These latter types of reaction confinement regions 
may be microwells or reaction chambers, and may be fabri 
cated using conventional microfabrication techniques, such 
as those described in the following references: Doering and 
Nishi (eds.), HANDBOOK OF SEMICONDUCTOR MANUFACTURING 
TECHNOLOGY, 2nd ed. (CRC Press, 2007); Saliterman, FUNDA 
MENTALS OF BIOMEMS AND MEDICAL MICRODEVICES (SPIE Pub 
lications, 2006); Elwenspoek et al., SILICON MICROMACHINING 
(Cambridge University Press, 2004); and the like. Various 
configurations (e.g., spacing, shape and Volumes) of microw 
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ells or reaction chambers are disclosed in Rothberg et al., U.S. 
Patent Publication 2009/0127589 and No. 2009/0026082: 
Rothberg etal, UK. Patent Application GB2461127; and Kim 
et al., U.S. Pat. No. 7,785,862, which are incorporated by 
reference. The microwells may have any Suitable shape. Such 5 
as Square, rectangular, or octagonal cross sections, and may 
be arranged as a rectilinear array on a surface. Microwells 
may also have hexagonal cross sections and be arranged as a 
hexagonal array, which permit a higher density of microwells 
per unit area in comparison to rectilinear arrays. In some 10 
embodiments, the reaction chamber array comprises 10, 10, 
10, 10, 10° or 107 reaction chambers. 
An array is a planar arrangement of elements such as sen 

sors or wells. A one dimensional array is an array having one 
column (or row) of elements in the first dimension and a 15 
plurality of columns (or rows) in the second dimension. The 
number of columns (or rows) in the first and second dimen 
sions may or may not be the same. Preferably, the array used 
in the present teachings comprises at least 100,000 chambers. 
Preferably, each reaction chamber has a horizontal width and 20 
a vertical depth that has an aspect ratio of about 1:1 or less. 
Preferably, the pitch between the reaction chambers is no 
more than about 10 microns. Briefly, in one embodiment 
microwell arrays may be fabricated as follows. After the 
semiconductor structures of a sensor array are formed, the 25 
microwell structure is applied to such structure on the semi 
conductor die. That is, the microwell structure can beformed 
right on the die or it may be formed separately and then 
mounted onto the die, either approach being acceptable. To 
form the microwell structure on the die, various processes 30 
may be used. For example, the entire die may be spin-coated 
with a negative photoresist such as Microchem’s SU-82015 
or a positive resist/polyimide such as HD Microsystems 
HD8820, to the desired height of the microwells. The desired 
height of the wells (e.g., about 3-12 um in the example of one 35 
pixel per well, though not so limited as a general matter) in the 
photoresist layer(s) can be achieved by spinning the appro 
priate resist at predetermined rates (which can be found by 
reference to the literature and manufacturer specifications, or 
empirically), in one or more layers. Wellheight typically may 40 
be selected in correspondence with the lateral dimension of 
the sensor pixel. For example, the wells may have a nominal 
1:1 to 1.5:1 aspect ratio, height:width or diameter. Alterna 
tively, multiple layers of different photoresists may be applied 
or another form of dielectric material may be deposited. Vari- 45 
ous types of chemical vapor deposition may also be used to 
build up a layer of materials suitable for microwell formation 
therein. In one embodiment, microwells are formed in a layer 
of tetra-methyl-ortho-silicate (TEOS). 
The present teachings encompass an apparatus comprising 50 

at least one two-dimensional array of reaction chambers, 
wherein each reaction chamber is coupled to a chemically 
sensitive field effect transistor (“chemFET) and each reac 
tion chamber is no greater than 10 Lum (i.e., 1 pl) in Volume. 
Preferably, each reaction chamber is no greater than 0.34 pl. 55 
and more preferably no greater than 0.096 pl. or even 0.012 
pL in volume. A reaction chamber can optionally be 2,3,4, 
5,6,7,8,9, or 10° square microns in cross-sectional area 
at the top. Preferably, the array has at least 10, 10, 10, 10, 
10, 107, 10, 10, or more reaction chambers. The reaction 60 
chambers may be capacitively coupled to the chemFETs. 

“Polynucleotide' or "oligonucleotide' are used inter 
changeably and refer to a linear polymer of nucleotide mono 
mers. Monomers making up polynucleotides and oligonucle 
otides are capable of specifically binding to a natural 65 
polynucleotide by way of a regular pattern of monomer-to 
monomer interactions, such as Watson-Crick type of base 
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pairing, base Stacking, Hoogsteen or reverse Hoogsteen types 
of base pairing, or the like. Such monomers and their inter 
nucleosidic linkages may be naturally occurring or may be 
analogs thereof, e.g., naturally occurring or non-naturally 
occurring analogs. Non-naturally occurring analogs may 
include PNAS, phosphorothioate internucleosidic linkages, 
bases containing linking groups permitting the attachment of 
labels, such as fluorophores, or haptens, and the like. When 
ever the use of an oligonucleotide or polynucleotide requires 
enzymatic processing, Such as extension by a polymerase, 
ligation by a ligase, or the like, one of ordinary skill would 
understand that oligonucleotides or polynucleotides in those 
instances would not contain certain analogs of internucleo 
sidic linkages, Sugar moieties, or bases at any or some posi 
tions. 

Polynucleotides typically range in size from a few mono 
meric units, e.g. 5-40, when they are usually referred to as 
"oligonucleotides.' to several thousand monomeric units. 
Whenevera polynucleotide or oligonucleotide is represented 
by a sequence of letters (upper or lower case). Such as 
“ATGCCTG, it will be understood that the nucleotides are in 
5'->2' order from left to right and that 'A' denotes deoxyad 
enosine, “C” denotes deoxycytidine, “G” denotes deoxygua 
nosine, and “T” denotes thymidine, “I” denotes deoxyi 
nosine, “U” denotes uridine, unless otherwise indicated or 
obvious from context. Unless otherwise noted the terminol 
ogy and atom numbering conventions will follow those dis 
closed in Strachan and Read, HUMAN MOLECULAR GENETICS 2 
(Wiley-Liss, New York, 1999). 

Usually polynucleotides comprise the four natural nucleo 
sides (e.g. deoxyadenosine, deoxycytidine, deoxyguanosine, 
deoxythymidine for DNA or their ribose counterparts for 
RNA) linked by phosphodiester linkages; however, they may 
also comprise non-natural nucleotide analogs, e.g. including 
modified bases, Sugars, or internucleosidic linkages. It is clear 
to those skilled in the art that where an enzyme has specific 
oligonucleotide or polynucleotide Substrate requirements for 
activity, e.g. single stranded DNA, RNA/DNA duplex, or the 
like, then selection of an appropriate composition for the 
oligonucleotide or polynucleotide substrates is well within 
the knowledge of one of ordinary skill, especially with guid 
ance from treatises such as Sambrook et al. MoLECULAR CLON 
ING, 2nd ed. (Cold Spring Harbor Laboratory, New York, 
1989), and like references. 

“Primer' refers to an oligonucleotide, either natural or 
synthetic that is capable, upon forming a duplex with a poly 
nucleotide template, of acting as a point of initiation of poly 
nucleic acid synthesis and being extended from its 3' end 
along the template so that an extended duplex is formed. 
Extension of a primer may be carried out with a nucleic acid 
polymerase, such as a DNA or RNA polymerase. The 
sequence of nucleotides added in the extension process is 
determined by the sequence of the template polynucleotide. 
Primers may be extended by a DNA polymerase. Primers may 
have a length in the range of from 14 to 40 nucleotides, or in 
the range of from 18 to 36 nucleotides. Primers are employed 
in a variety of amplification reactions, for example, linear 
amplification reactions using a single primer, or polymerase 
chain reactions, employing two or more primers. Guidance 
for selecting the lengths and sequences of primers for particu 
lar applications is well known to those of ordinary skill in the 
art, as evidenced by the following references that are incor 
porated by reference: Dieffenbach (ed.), PCR PRIMER: A LABO 
RATORY MANUAL, 2nded. (Cold Spring Harbor Press, New York, 
2003). 

While the present teachings has been described with refer 
ence to several particular example embodiments, those 
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skilled in the art will recognize that many changes may be 
made thereto without departing from the spirit and scope of 
the present teachings. The present teachings are applicable to 
a variety of sensor implementations and other subject matter, 
in addition to those discussed above. 

SEQUENCE LISTING 

<16O is NUMBER OF SEO ID NOS: 2 

<21Os 
<211 > 
<212> 
<213> 
<22O > 
<223s 

SEQ ID NO 1 
LENGTH: 22 
TYPE: DNA 

ORGANISM: Artificial Sequence 
FEATURE: 

OTHER INFORMATION: Exemplary polynucleotide strand 

<4 OOs, SEQUENCE: 1 

tagcactacg gaacgtgaag git 

SEQ ID NO 2 
LENGTH: 15 
TYPE: DNA 

ORGANISM: Artificial Sequence 
FEATURE: 

OTHER INFORMATION: Exemplary polynucleotide strand 

<4 OOs, SEQUENCE: 2 

tagcaacgtg aaggit 

30 

What is claimed is: 
1. A method for improving homopolymer classification 

accuracy, comprising: 
providing a template polynucleotide strand, a primer, and a 

polymerase in a microwell, the template polynucleotide 
strand being coupled to or associated with a bead; 

Successively exposing the template polynucleotide strand 
to a plurality of each of four kinds of dNTP reagent 
flows, each dNTP reagent flow having a single kind of 40 
dNTP, wherein the plurality of reagent flows are selected 
according to an ordering, the ordering being such that (a) 
a flow of one kind of dNTP reagent is always followed 
by a flow of a different kind of dNTP reagent, (b) at least 
one flow of each kind of dNTP reagent is followed by a 45 
flow of the same kind of dNTP reagent after a single 
intervening flow of a different kind of dNTP reagent, and 
(c) the number offlows of each of the four kinds of dNTP 
reagent flows in the ordering is the same, wherein the 
Successively exposing comprises consecutively repeat- 50 
ing the plurality of reagent flows according to the order 
ing one or more times; and 

obtaining, using a sensor configured to provide informa 
tion about reactions taking place in the microwell, an 
incorporation signal comprising values generally pro 
portional to a number of dNTP incorporation(s) that 
result when a base in the template polynucleotide strand 
is complementary to one of the flowed dNTP reagents. 

2. A method for improving homopolymer classification 
accuracy, comprising: 60 

(a) delivering a known nucleoside triphosphate precursor 
to a template-based primer extension reaction of a tem 
plate polynucleotide strand, the known nucleoside triph 
osphate precursor being delivered according to a prede 
termined ordering of dNTP flows, the template 65 
polynucleotide Strand being coupled to or associated 
with a bead loaded in a microwell; 
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(b) detecting incorporation of the known nucleoside triph 

osphate using a pH-based sensor configured to provide 
information about reactions taking place in the microw 
ell and generate an incorporation signal comprising val 
ues generally proportional to a number of dNTP incor 

22 
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poration(s) occurring when the complement of the 
known nucleoside triphosphate is present in the template 
polynucleotide strand adjacent to the primer; and 

(c) repeating steps (a) and (b) until each dNTP flow in the 
predetermined ordering of dNTP flows has been flowed; 
wherein the predetermined ordering of dNTP flows is 
such that (i) a flow of one kind of dNTP is always 
followed by a flow of a different kind of dNTP (ii) at 
least one flow of each kind of dNTP is followed by a flow 
of the same kind of dNTP after a single intervening flow 
of a different kind of dNTP and (iii) the ordering 
includes four consecutive groups of three dNTP flows, 
the second dNTP flow in each of the four consecutive 
groups of three dNTP flows being different than the 
second dNTP flow in the other three consecutive groups 
of three dNTP flows, and the first and third dNTP flows 
in each of the four consecutive groups of three dNTP 
flows being both of the same kind of dNTP and being 
different than the second dNTP flow, wherein the deliv 
ering comprises consecutively repeating a delivery of 
the predetermined ordering of dNTP flows one or more 
times. 

3. A method for improving homopolymer classification 
55 accuracy, comprising: 

providing a polynucleotide Strand, a primer, and a poly 
merase in a microwell, the polynucleotide Strand being 
coupled to or associated with a bead; 

Successively exposing the polynucleotide strand coupled 
to or associated with the bead to flows of four different 
dNTPs, one kind of dNTP per flow, according to a first 
predetermined ordering, wherein the first predetermined 
ordering comprises sequential repetitions of the same 
sequence of four different dNTPs: 

Successively exposing the polynucleotide strand coupled 
to or associated with the bead to flows of a plurality of 
dNTPs, one kind of dNTP per flow, according to a sec 
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ond predetermined ordering, the second predetermined 
ordering being such that a flow of one kind of dNTP 
reagent is always followed by a flow of a different kind 
of dNTP reagent, and at least one flow of each kind of 
dNTP reagent is followed by a flow of the same kind of 5 
dNTP reagent after a single intervening flow of a differ 
ent kind of dNTP reagent, wherein the second predeter 
mined ordering occurs after the first predetermined 
ordering, and wherein the Successive exposing of the 
polynucleotide Strand according to the second predeter- 10 
mined ordering is consecutively repeated one or more 
times; and 

obtaining, using a sensor configured to provide informa 
tion about reactions taking place in the microwell, an 
incorporation signal comprising values generally pro- 15 
portional to a number of dNTP incorporation(s) that 
result when a base in the polynucleotide strand is 
complementary to one of the flowed dNTPs. 

4. The method of claim 3, wherein the second predeter 
mined ordering comprises an alternate ordering which is not 20 
a continuous repeat of the first predetermined ordering of the 
four different dNTPs. 

5. The method of claim3, further comprising successively 
exposing the polynucleotide strand coupled to or associated 
with the bead to flows of four different dNTPs, one kind of 25 
dNTP per flow, according to a third predetermined ordering, 
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wherein the third predetermined ordering comprises an alter 
nate ordering which is not a continuous repeat of the first 
predetermined ordering of the four different dNTPs or of the 
second predetermined ordering of the four different dNTPs 
and wherein the third predetermined ordering occurs after the 
first and second predetermined orderings. 

6. The method of claim 1, wherein the sensor is a pH-based 
SSO. 

7. The method of claim 2, wherein each dNTP flow in the 
predetermined ordering of dNTP flows has a single kind of 
dNTP 

8. The method of claim3, wherein the sensor is a pH-based 
SSO. 

9. The method of claim 1, wherein the plurality of reagent 
flows in the ordering is chosen from 8, 12, 16, 20, 24, 28 or 32 
dNTP flows. 

10. The method of claim 3, wherein the plurality of dNTP 
flows in the second predetermined ordering is chosen from 8. 
12, 16, 20, 24, 28 or 32 dNTP flows. 

11. The method of claim 3, wherein the successive expos 
ing of the template polynucleotide Strand to a plurality of each 
of four kinds of dNTP reagent flows according to the second 
predetermined ordering is performed throughout a sequenc 
ing run. 


