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Models for Analyzing Data
From Sequencing-by-Synthesis Operations

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims the benefit of U.S. Provisional Application Serial No.
61/428,743 (filed on 30 December 2010) and No. 61/429,328 (filed on 3 January 2011), which

are both incorporated by reference herein in their entirety.
TECHNICAL FIELD

[0002] The present application generally relates to nucleic acid sequencing, and more

particularly, to models for analyzing data from nucleic acid sequencing operations.
BACKGROUND

[0003] Sequencing-by-synthesis is among a new generation of high throughput DNA
sequencing technologies. Examples of techniques and platforms for sequencing-by-synthesis
include the Genome Analyzer / HiSeq / MiSeq platforms (Illumina, Inc.; see e.g., U.S. Patent
No. 6,833,246 and No. 5,750,341); those applying pyrosequencing-based sequencing methods
such as that used by Roche / 454 Technologies on the GS FLX, GS FLX Titanium, and GS
Junior platforms (see e.g., Ronaghi et al., SCIENCE, 281:363 (1998) and Margulies et al.,
NATURE, 437:376-380 (2005)); and those by Life Technologies Corp. / Ion Torrent in the
PGM™ system (see e.g., U.S. Patent Application Publication No. 2010/0137143 and No.
2009/0026082, which are both incorporated by reference herein in their entirety). There is a need
for improved signal processing techniques to proceés signal data from sequencing-by-synthesis

operations.
BRIEF DESCRIPTION OF THE DRAWINGS

[0004] The accorﬁpanying drawings illustrate one or more exemplary embodiments of the
present invention and serve to explain the principles of various exemplary embodiments. The
drawings are exemplary and explanatory only and are not in any way limiting of the present

mmvention.

[0005] FIGS. 1A and 1B show an exemplary section of a flow cell and a microwell.
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[0006] FIG. 2A shows a plot of output signals from different wells on an exemplary sensor

array; FIG. 2B shows an example of an incorporation signal.

[0007] FIG. 3 shows a random distribution of loaded wells and empty wells on an exemplary

reactor array.

[0008] FIG. 4 shows two neighboring microwells and the diffusion of hydrogen ions into the

microwells.

[0009] FIGS. 5A and 5B show examples of neighborhood regions on an exemplary reactor

array.

[0010] FIGS. 6A and 6B show an exampie of measured signals and data according to an

exemplary embodiment.

[0011] FIG. 7A shows a flowchart illustrating a method according to an exemplary
embodiment; FIG. 7B shows a flowchart illustrating a method according to another exemplary

embodiment.

[0012]  FIGS. 8A — 8D show behavioral characteristics of an incorporation signal model

according to an exemplary embodiment.

[0013]  FIG. 9 is a diagram showing a sequencing apparatus according to an exemplary

embodiment.

[0014] FIG. 10 shows an apparatus according to an exemplary embodiment.

[0015] FIG. 11 shows an example of a sequencing-by-synthesis operation.
EXEMPLARY EMBODIMENTS

[0016] In various exemplary embodiments, one or more mathematical models may be used
to process and/or analyze signal data from the sequencing of a template polynucleotide strand

(e.g. by sequencing-by-synthesis).

[0017] In an exemplary embodiment, there is provided a method of sequencing a

polynucleotide strand, comprising: (a) flowing a series of nucleotide flows onto a reactor array
having multiple reaction confinement regions, one or more copies of the polynucleotide strand
being located in a loaded reaction confinement region of the reactor array; (b) receiving output

signals from the reactor array; (c) determining a background signal for the loaded reaction
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confinement region using a model of an output signal from the loaded reaction confinement
region; (d) determining an incorporation signal from the loaded reaction confinement region
using the model of an output signal from the loaded reaction confinement region; and (e)

détermining an estimate of a number of nucleotides incorporated into the polynucleotide strand.

[0018] In some cases, wherein the model comprises a function for a background signal
component and a function for an incorporation signal component. In some cases, the step of
determining the background signal comprises fitting the model to background signal data from
the loaded reaction confinement region. In some cases, the background signal data comprises
representative signal data for a first flow to the loaded reaction confinement region, and the first

flow results in a non-incorporation event in the loaded reaction confinement region.

[0019] In some cases, the first flow is over a part of the polynucleotide strand that is known
to be non-complementary to the nucleotide in the first flow. In some cases, the first flow is
immediately preceded by a prior flow that contains the same nucleotide as in the first flow. In
some cases, the step of determining the incorporation signal comprises fitting the model to signal
data for a second flow to the loaded reaction confinement region to obtain the incorporation
signal for the second flow. In some cases, the step of fitting the model to signal data for the
second flow comprises applying greater weight to a portion of the signal data that is earlier or
later in time than another portion of the signal data. In some cases, the function for the
background signal component comprises a rate parameter relating to a rate of change in the
amount of hydrogen ions in the loaded reaction confinement region. In some cases, the function
for the background signal component further comprises a ratio parameter relating to a ratio of a
rate of change in the amount of hydrogen ions in a representative empty reaction confinement
region relative to the rate of change in the amount of hydrogen ions in the loaded reaction
confinement region. In some cases, the ratio parameter is the rate of pH change in the
representative empty reaction confinement region relative to the rate of pH change in the loaded
reaction confinement region. In some cases, the ratio parameter is multiplied by the output signal

from the representative empty reaction confinement region.

[0020] In some cases, the function for the background signal component comprises the
difference between the output signal of a representative empty reaction confinement region and

the output signal from the loaded reaction confinement region. In some cases, the function for
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the background signal component comprises the integral of the difference between the output
signal of a representative empty reaction confinement region and the output signal from the
loaded reaction confinement region from one or more prior time frames. In some cases, the
function for the background signal component is derived from the flux of hydrogen ions between
the nucleotide reagent of the first flow and the loaded reaction confinement region. In 'some
cases, the function for the background signal component is further derived from the total flux of
hydrogen ions in the loaded reaction confinement region. In some cases, the function for the
background signal component is further derived from the flux of hydrogen ions between the

nucleotide reagent of the first flow and the representative empty reaction confinement region.

[0021] In some cases, the function for the background signal component comprises an output
signal from a representative empty reaction confinement region. In some cases, the
representative empty reaction confinement region represents a plurality of empty reaction
confinement regions within a region that includes the loaded reaction confinement region. In
some cases, the fitting of the model for the first flow comprises varying at least one of the rate
parameter and the ratio parameter to improve the fit to the signal data from the first flow. In
some cases, the function for the incorporation signal component comprises a buffering parameter
relating to the buffering capacity of the loaded reaction confinement region. In some cases, the
fitting of the model to the signal data from the second flow comprises varying the buffering

parameter to improve the fit with the signal data from the second flow.

[0022] In some cases, the reactor array includes a chemFET sensor array for detecting
hydrogen ions in the reaction confinement region of the array. In some cases, the output signal is

represented by the expression:

1

S, =S,R+ jS—ef—_—S—”+ [,

b b
wherein Sy, is the output signal from the loaded reaction confinement region, S. is the output
signal from a representative empty reaction confinement region, R is Te/Ts, Ty is the time constant
for the loaded reaction confinement region, T. is the time constant for the representative empty

reaction confinement region, By is the buffering capacity of the loaded reaction confinement

region, and @; is the flux of hydrogen ions generated by an incorporation reaction.
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[0023] In some cases, the step of fitting the model to representative signal data for the first
flow comprises setting the incorporation signal component to zero or near zero. In some cases,
the step of determining an estimate of the number of nucleotides incorporated comprises
applying an incorporation signal model to the incorporation signal. In some cases, the step of
determining an estimate of the number of nucleotides incorporated further comprises fitting the
incorporation signal model to the incorporation signal. In some cases, the step of determining an
estimate of the number of nucleotides incorporated comprises comparing the incorporation signal

to a set of reference incorporation signal curves.

[0024] In another exemplary embodiment, there is provided a sequencing apparatus
comprising: a machine-readable memory; and a processor configured to execute machine-
readable instructions, said instructions which when executed cause the apparatus to perform the
above-mentioned methods. In another exemplary embodiment, there is provided a non-transitory
machine-readable storage medium comprising instructions which, when executed by a processor,
cause the processor to: (a) receiving output signals relating to chemical reactions resulting from
the flow of a series of nucleotides onto a reactor array having multiple reaction confinement
regions, one or more copies of the polynucleotide strand being located in a loaded reaction
confinement region of the reactor array; (c) determine a background signal for the loaded
reaction confinement region using a model of an output signal from the loaded reaction
confinement region, wherein the model is stored in a computer memory; (d) determine an
incorporation signal from the loaded reaction confinement region using the model of an output
signal from the loaded reaction confinement region; and (e) determine an estimate of the number
of nucleotides incorporated into the polynucleotide strand; (f) store the estimate of the number of

nucleotides incorporated in the memory.

[0025] In another exemplary embodiment, there is provided a method of sequencing a
polynucleotide strand, comprising: (a) flowing a nucleotide reagent onto a reactor array having
multiple reaction confinement regions, one or more copies of the polynucleotide strand being
located in a loaded reaction confinement region of the reactor array; (b) receiving signal data
from the reactor array; (c) processing the signal data from the loaded reaction confinement
region to obtain incorporation signal data; and (d) determining an estimate of a number of
nucleotide incorporations resulting from the nucleotide reagent flow by applying an

incorporation signal model to the incorporation signal data.
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[0026] In some cases, the incorporation signal model comprises an equation for the flux of
hydrogen ions generated by a nucleotide incorporation reaction. In some cases, the step of
determining an estimate of the number of nucleotide incorporations comprises fitting the
incorporation signal model to the incorporation signal data. In some cases, the step of fitting the
incorporation signal model to the incorporation signal data comprises applying greater weight to
a portion of the signal data that is earlier or later in time than another portion of the signal data.
In some cases, the step of determining an estimate of the number of nucleotide incorporations
further comprises using the results of the fitting to estimate the number of nucleotide
incorporations. In some cases, the model further comprises an equation for a rate of change in the

nucleotide amount in the loaded reaction confinement region.

[0027] In some cases, the rate of change in the nucleotide amount in the loaded reaction
confinement region is expressed as being related to the rate of nucleotide diffusion into the
reaction confinement region and the rate of nucleotide consumption by polymerase-catalyzed
incorporation reactions. In some cases, the rate of nucleotide diffusion into the reaction
confinement region is expressed as being proportional to the difference in the amount of
nucleotide in the nucleotide reagent and the amount of nucleotide in the loaded reaction
confinement region. In some cases, the rate of nucleotide consumption is expressed as being
proportional to the amount of nucleotide in the loaded reaction confinement region multiplied by

the amount of polymerase in the loaded reaction confinement region.

[0028] In some cases, the equation for the rate of change comprises a parameter relating to
the diffusion rate of the nucleotide. In some cases, the equation for the rate of change comprises
a parameter relating to the rate of polymerase activity. In some cases, the model further
comprises an equation for the amount of active polymerase in the reaction confinement region.
In some cases, the equation for the amount of active polymerase in the reaction confinement
region comprises a parameter for the homopolymer n-mer length. In some cases, the fitting step
results in an estimate of the homopolymer n-mer length. In some cases, the model further
comprises an equation for the rate of change in the amount of active polymerase in the loaded
reaction confinement region. In some cases, the rate of change is expressed as being related to

the amount of nucleotide in the loaded reaction confinement region.
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[0029] In some cases, the flux of hydrogen ions is expressed as being related to the number
of active polymerases, as limited by the amount of nucleotide in the loaded reaction confinement’
region. In some cases, the flux of hydrogen ions is expressed as being proportional to the number
of active polymerases multiplied by the amount of nucleotide in the loaded reaction confinement
region. In some cases, the equation for the flux of hydrogen ions comprises a parameter relating

to the rate of polymerase activity. In some cases, the model is a non-linear model.

[0030] In another exemplary embodiment, there is provided a sequenciﬁg apparatus
comprising: a machine-readable memory; and a processor configured to execute machine-
readable instructions, said instructions which when executed cause the apparatus to perform the
above-mentioned methods. In another exemplary embodiment, there is provided a non-transitory
machine-readable storage medium comprising instructions which, when executed by a processor,

cause the processor to performed the above-mentioned methods.

[0031] In an exemplary embodiment, there is provided a method of analyzing signal data
generated by sequencing of a polynucleotide strand using a pH-based method of detecting
nucleotide incorporation(s). The incorporation of nucleotide bases into the template
polynucleotide strand may be detected by measuring the amount of hydrogen ions released from
the polymerase-catalyzed incorporation reactions. Additional details of pH-based sequence
detection systems and methods can be found in commonly-assigned U.S. Patent Application
Publication No. 2009/0127589 and No. 2009/0026082, which are both incorporated by reference

herein in their entirety.

[0032] The sequencing reactions may be carried out on reactor arrays, such as those
described in U.S. Patent Application Publication No. 2010/0300559, No. 2010/0197507, No.
2010/0301398, No. 2010/0300895, No. 2010/0137143, and No. 2009/0026082, which are all
incorporated by reference herein in their entirety. A reactor array may have multiple reaction
confinement regions for localizing a reaction of interest. An example of a reaction confinement
region is a well for containing the reaction reagents and/or analytes. Another example of a
reaction confinement region is a discrete region of a surface of the array that can bind or
otherwise directly or indirectly confine the reagents and/or analytes in or on such discrete region.
As used herein, the terms “well” and “microwell” are to be considered interchangeable with the

term “reaction confinement region.” The template polynucleotide strand can be confined to the
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reaction confinement region in various ways. For example, the template polynucleotide strand
can be attached to a substrate particle (e.g. bead, microparticle, or other substrate moiety that fits
inside wells of a reactor array, or is directly or indirectly coupled to a surface of the reactor
array). The particle may contain multiple identical copies (e.g. clonal) of the template

polynucleotide strand.

[0033] The reaction confinement regions of the reactor array can be associated with sensors
that detect hydrogen ions and produce an output signal (e.g. a change in voltage level or current
level) based on the amount of hydrogen ions and/or changes thereof. In an exemplary
embodiment, the sensor may be a pH sensor. The sensor may be a chemFET (chemical field-
effect transistor) sensor that detects hydrogen ions to measure pH. The amplitude of the signals

from the chemFET sensors may be related to the amount of hydrogen ions detected.

[0034] FIGS. 1A and 1B show an example of how the flow of a nucleotide reagent solution
over a reactor array generates a signal. FIG. 1A shows a cross-sectional view of a portion 206 of
a flow chamber on a flow cell 200. A nucleotide reagent solutioﬁ is flowed (shown by arrow
208) over the microwells 202 of the reactor array. In this example, the array of microwells 202 is
integrated with a sensor array 205 for detecting hydrogen ions. A reference electrode 204 is

fluidly connected to flow cell 200.

[0035] FIG. 1B shows a close-up view of a microwell 201 of the reactor array. The
microwell 201 contains a bead 212 that holds multiple identical copies of a template
polynucleotide strand. Beneath the microwell 201 there is a chemFET sensor 214 for detecting
hydrogen ions (and thus acting as a pH sensor) in the microwell 201 and generating an output
signal. Sensor 214 includes a floating gate 218 having sensor plate 220 separated from the
microwell interior by passivation layer 216. Sensor 214 is responsive to (and generates an output
signal related to) the amount of charge 224 present on the passivation layer 216 opposite of
sensor plate 220. Changes in charge 224 cause changes in the current between source 221 and

drain 222 of the chemFET, which generates an output signal for the sensor 214.

[0036] The nucleotide solution moves into the microwell 201 by diffusion 240. If the
nucleotide is complementary to the next base on the polynucleotide strand, then polymerase-
catalyzed reactions with the polynucleotide strands on the bead 212 generate hydrogen ions that

affect the amount of charge adjacent to sensor plate 220. The output signals from the sensors are



WO 2012/092455 PCT/US2011/067776

collected-and processed to estimate the number of nucleotides incorporated into the
polynucleotide strand. With each successive flow of the nucleotide reagent, the output signal
from the sensors may be collected over a time interval (e.g. in a continuous or intermittent

manner).

[0037] A signal of interest in this example is the signal produced by the polymerase reaction-
generated hydrogen ions. However, in addition to this signal of interest, there is also a
background component of the measured output signal that results from other sources of pH
changes. Since the bulk reagent solution used for the nucleotide flow also contains hydrogen
lons, one of the sources of pH change in the wells is the diffusion of hydrogen ions from the bulk
solution into the well as successive nucleotide reagent flows are passed over the reactor array |

(i.e. reagent change noise).

[0038] FIGS. 2A and 2B show how the measured output signal may compare to the
background signal component. FIG. 2A shows three output signals from a chemFET microwell
" containing a particle with a template polynucleotide strand attached. Curve 606 plots the signal
from the microwell during a wash step. Curve 600 plots the measured output signal from the
microwell for a flow that results in a single nucleotide incorporation into the polynucleotide
strand. Curve 602 plots the measured output signal from the microwell for a different flow that
results in no nucleotide incorporation. Region 604 is the difference between the two output
signals (600 and 602) that is due to the generation of hydrogen ions by the nucleotide
incorporation reaction. In FIG. 2B, curve 608 is the difference between the values of curves 600
and 602, and is the part of the raw output signal of curve 600 which results from hydrogen ions

produced in the nucleotide incorporation reaction, i.e. the incorporation signal of interest.

[0039] In an exemplary embodiment, there is provided a model for the measured output
signal from the well of a reactor array. Th;a output signal may be modeled as a linear
combination of one or more signal components. For example, the output signal may be modeled
as a linear combination of a function for the background signal component and a function for the
incorporation signal component. The output signal model may also include other sources of
errors or offsets (e.g. signal gain). For example, the output signal may be represented as x(t) =
I(t) + B(t) + e, where x(t) is the output signal. over time “t”, I(t) is a function for the incorporation

(19" )

signal component, B(t) is a function for the background signal component, and “e” is a corrective
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parameter to account for error, offsets, or other compensatory correction.

[0040] As explained above, one of the sources of the background signal in the output signal
is the pH changes resulting from the nucleotide reagent solution (i.e. bulk solution) that is passed
over the reactor array. The pH changes in the well can be affected by the buffering capacity of
the well. For example, the walls of the well, the substrate particle, the polynucleotide strands,
and/or the polymerase enzymes may buffer the pH changes. The pH change may also be affected
by the diffusion of hydrogen ions into and out of the well. One or more of these effects can be

mathematically modeled to predict the background signal in the well.

[0041] In an exemplary embodiment, the background signal component may be a function of
the output signal from a representative empty well. Having multiple wells, the reactor array may
have some wells that contain the substrate particles (e.g. beads) and other wells that are empty.
The substrate particles may be dispersed randomly in the wells of the array. For example, the
substrate particles may be flowed in a fluid onto the reactor array where they settle randomly into
the wells. As a result, some wells may contain the particles whereas other wells may be empty.
For example, FIG. 3 shows a random distribution of beads in a portion of a reactor array 500

having empty microwells 501 and loaded microwells 502.

[0042] FIG. 4 shows an example of the flux of hydrogen ions into a loaded well compared to
an empty well. Two neighboring microwells, 631 and 641, are shown at four different times:
before the next nucleotide reagent is introduced (to), immediately after the nucleotide reagent is
flowed to the microwells (t;), during equilibration of the nucleotide reagent with the microwell
contents (t3), and after equilibrium has been achieved (t3). The change in sensor signal due to the
reagent change can be described using a two compartment model, in which one compartment is
the flow of nucleotide (shown by the horizontal arrow) in region 638 adjacent to the opening of a
microwell and the other compartment is the surface 640 at the bottom of a microwell adjacent to

the sensor.

[0043] As shown in FIG. 4, St represents a measured signal at the top of the well (i.e. from
the bulk nucleotide solution); Sy, represents a measured signal from the loaded well; and S,
represents a measured signal from the empty well. With the flow of new nucleotide solution 630,
there is a concentration difference 636 between the two compartments. This concentration

difference results in a flux of hydrogen ions into the microwells. There may also be a flux of

10
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hydrogen ions out of the well. The net flux of hydrogen ions in/out of the loaded microwell is
represented as @, (632) and the net flux of hydrogen ions in/out of the empty microwell is

represented as Q. (634). In the loaded microwell, hydrogen ions are generated by the reaction,

which adds to the flux.

[0044] The flux of hydrogen ions described above can be modeled by a set of reaction-
diffusion equations. The function for the background signal component can be derived from one
or more equations that describe the diffusion of hydrogen ions into the well (loaded and/or
empty). For example, the background signal function may be derived from an equation for the
flux of hydrogen ions into the well (loaded and/or empty) as being proportional to the difference
between the amount of hydrogen ions in the nucleotide reagent and the amount of hydrogen ions
in the well (loaded and/or empty). In another example, the background signal function may be
derived from an equation for the total flux of hydrogen ions in the well (loaded and/or empty) as
being proportional to the rate of change of the measured output signal. The equations used to
derive the background signal function may have a parameter relating fo the rate of hydrogen ion
diffusion in the solution for the well (loaded and/or empty) and/or a parameter relating to the
buffering capacity of the well (loaded and/or empty).

[0045] As used herein, the term “relating to” between two quantity terms means that the two
quantity terms have a mathematical relationship. For example, one quantity term may be
proportional or equal to the other quantity term. In another example, one quantity term may be
derived from or result from the application of a transformation function on the other quantity
term. According to an exemplary embodiment, the amount of some element may be represented
by any suitable manner to quantify the element. For example, the amount of the element may be
represented as concentration, absolute number, relative number, detectable activity, or any other
manner of quantifying the element. For example, hydrogen ions may be represented as the
concentration of hydrogen ions (also conventionally measured as pH) or the signal level
corresponding to the hydrogen ion concentration (e.g. signal counts). Computations for solving
the models used in the present invention may involve finding exact solutions or using numerical
analysis for approximaté solutions. Likewise, function terms (e.g. integrals) used herein may be
substituted with terms that are approximations thereof.

[0046] The function for the backgrouhd signal component may include one or more

parameters. Such parameters may include a parameter relating to the rate of change in the

11



WO 2012/092455 PCT/US2011/067776

amount of hydrogen ions (e.g. rate of pH change) in the loaded and/or empty well (e.g. a time
constant for the well); a parameter relating to the ratio of the preceding rate of change parameters
(e.g. rate of change in a representative empty well divided by rate of change in the loaded well);
and/or a parameter relating to the buffering capacity of the loaded and/or empty well. The
function for the incorporation signal may include a buffering parameter relating to the buffering

capacity of the well (loaded and/or empty).

[0047] An example of a set of reaction-diffusion equations for constructing a model of the
output signal according to an exemplary embodiment is shown in Equations 1 — 12 as follows.
Equation 1 below expresses the flux of hydrogen ions from the bulk solution into the loaded well
as being propo;tional to the difference in the hydrogen ion concentration between the bulk
solution (St) and the well (Sy). Equation 2 below expresses the total flux of hydrogen ions in the
loaded well (@ + @;, with @; being the flux of hydrogen ions generated by the nucleotide
incorporation reaction) as being proportional to the rate of change of the measured signal Sp. The
parameter ay is a diffusion constant of the hydroéen ions in the loaded well, and the parameter f3
is a constant that reflects the buffering capacity of the loaded microwell, including the buffering
provided by the microwell wall, the substrate particle, the polynucleotide strands, and/or the
polymerase enzymes.
Eqn. I: ___Sra—bSb =@, Eqn.2: ¢, + @, = %ﬂb
[0048] Equation 3 below is derived by manipulation and rearranging of the terms in
Equations | and 2.

St =S, _ é_sg

Eqn. 3: —=+ ¢,

o, ot Ay

[0049] Equation 4 below is derived by manipulation and rearranging of the terms in Equation
3. Equation 5 below is obtained by having Ty = aPs as the time constant for the loaded well

relating to the rate at which the pH in the well approaches the pH in the bulk solution.

oS : oS
Eqn. 4: ST_sz—aTbable_ab¢i Eqn. 5: ST—Sb=—5—t-b—Tb—ab(0,-

12
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[0050] Like Equation 1, Equation 6 below expresses the flux of hydrogen ions from the bulk
solution into the representative empty well as being proportional to the difference in hydrogen
ion concentration between the bulk solution (St) and the well (S¢). Equation 6 also expresses the
flux of hydrogen ions as being proportional to the rate of change of the measured signal S¢. The
parameter o, is a diffusion constant of the hydrogen ions in the empty well, and the parameter f3.
is a constant that reflects the buffering capacity of the empty microwell caused by the microwell
wall and the solution within the empty well. Because the empty well does not contain a
polynucleotide strand or bead, there is no need to consider hydrogen ions generated by
incorporation reactions, and there is no buffering from the substrate particle, polynucleotide

strands, or polymerase enzymes.

S,—=8, 08,

Eqn. 6: o, 50

P

e
[0051] Equation 7 below is derived by manipulation and rearranging of the terms in Equation
6. Equation 8 below is obtained by having T. = a¢. as the time constant of the well that relates to
the rate at which the pH in the well approaches the pH of the bulk solution.

oS,
7 a,f, Eqn. 8: S; — S,

— 5Se
ot

T

e

Eqn. 7: S — S, =

[0052] Equation 8 is combined with Equation 5 to arrive at Equation 9 below.

oS, oS
Eqn. 9: 51 7,+S,-85, thbTb — 0,0

[0053] Equation 10 below is derived by manipulation and rearranging of the terms in
Equation 9, and integration of the differentials yields the following relationship between Sy and

Se.

Eqn. 10: S, =Se£+ Iﬂ+ !

Ty Tp _b I(pi

[0054] Equation 11 below is obtained by having R = T./T,.
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Eqn. 11: S, SR+IS =5 +LJ

Tp By
[0055] In Equation 11, the first two terms represent the background signal component and
the third term represents the incorporation signal component. Equation 11 may be numerically
approximated using any suitable numerical technique. For example, a numerical approximation
of Equation 11 is given by Equation 12 below, where At is the time-step used in the numerical

o33,

solution, for a given time frame “j”:

[0056] In some cases, it may be useful to express Equation 12 in an alternate form, as in

Equation 13 below.
J-S -3,

b

Eqn.13: §,=S,=S,(R-1)+ +——-J'(0,

[0057] An example numerical approximation of Equation 13 is given by Equation 14 below:

- . 3

Jj-1
Z Sei - S

IS, (R-D+=—t— o
, T b

—~—

b
Eqn. 14: Spy =S¢ == ’
At
1+—
Tp
[0058] As demonstrated here, in the mathematical model, the background signal may be a

function of the output signal from a representative empty well on the reactor array. The empty
well here is identified as a representative empty well because the signal data may be from a

single empty well or an estimate from multiple empty wells as representative of an empty well.
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The signal data from multiple empty wells may be subject to any suitable statistical analysis to
obtain a single value as a representative estimate that quantitatively summarizes the collection of
signal data, including calculating an average, a weighted average, some function of the average,

a mean, a mode, or applying some other transformation function to the signal data.

[0059] In cases where multiple empty wells are used, the empty wells may be in a region of
the reactor array that includes the loaded well of interest (e.g. empty wells in a neighborhood
around the well of interest). FIGS. 5A and 5B show examples of how regions for selecting empty
wells can be defined. FIG. 5A shows a loaded well of interest 504 and a region 506 defined by a
7x7 square 505 of microwells. The size of the region rﬁay Vary and may be selected on the basis
of various factors, such as the relative number of loaded wells and its burden on computation
time. In another example, FIG. 5B shows a region 512 defined by a circle 508 having a radius
510 from the microwell of interest 504. Not all of the empty well signals in a given region need
be used. In some ciréumstances, it may be advantageous to minimize the number of empty well
output signals being used in order to minimize computation time. For example, a random

selection of available empty wells within a region may be used.

[0060] According to an exemplary embodiment, the background component of the output
signal model may be established by fitting the model to representative signal data from a well
that results in a non-incorporation event, with the incorporation signal component of the model
being set to zero or substantially zero. In this context, the term “non-incorporation” means that
the nucleotide flow does not result in any significant incorporation reactions (also referred to
herein as a “0-mer flow”). However, there may be non-significant incorporation reactions due to

errors such as phase loss effects or misincorporations.

[0061] The signal data from the non-incorporation flow is identified as representative signal
data because it can be signal data from a single 0-mer flow or from multiple 0-mer flows. The
signal data from multiple 0-mer flows may be subject to any suitable statistical analysis to obtain
a single value as a representative estimate that quantitatively summarizes the collection of signal
data, including calculating an average, a weighted average, some function of the average, a
mean, a mode, or épplying some other transformation function to the signal data. Where multiple
0-mer flows are used, the fitting may be applied to each 0-mer flow individually to obtain a

representative estimate (e.g. by taking the average of the fitting results), or the fitting may be
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applied to the multiple 0-mer flows simultaneously (e.g. the fitting may be applied to many 0-
mer flows to find the best fit to the entire set of 0-mer flows) to obtain the representative
estimate, or the fitting may be applied to the multiple 0-mer flows collectively (e.g. an average of

the signal data from multiple O-mer flows) to obtain the representative estimate.

[0062] The non-incorporation signal can be obtained by any suitable manner. For example,
the non-incorporation flows may be those over known base sequences (e.g. the key sequence or
other initial part of the polynucleotide sequence) that are expected to produce non-incorporation
events because they are non-complementary to the nucleotide being flowed. In another example,
the non-incorporation signal can be produced by immediately repeating the same nucleotide flow
(e.g. double tapping). Since the complementary nucleotides would have already incorporated in
the prior flow, the subsequent flow of the same nucleotide (i.e. without an intervening flow of a

different nucleotide) would not be expected to result in any further nucleotide incorporations.

[0063] The background signal fitting may establish one or more parameters of the
background component of the signal model. For example, the fitting may involve finding the
parameters Ty, and/or R in the model to improve (e.g. optimize) the model fit to the measured
signal data. Any suitable fitting technique can be used to fit the model to the measured signal
data, such as regression analysis or Bayesian techniques. The fitting may involve an iterative
process of varying the Ty, and R parameters to improve the fit (e.g. obtaining the best fit by
minimizing the residual error sums) between the model-predicted signals and the measured
signal data. For example, the fitting may involve a least squares analysis of the model-predicted

signals and a Levenberg—Marquardt algorithm applied to find a best-fitting solution.

[0064] The fitting can encompass any suitable portion of the signal data for the flow. In some
cases, the fitting may be applied to selected portions of the signal data. For example, the fitting
may be applied to portions of the signal data containing relatively more information about the
relevant characteristics of the signal. In some cases, the fitting may apply greater weight to
certain portions of the signal data than others. For example, signal data from earlier time frames
in the nucleotide flow may be more important than those at later time frames in the flow. In such
cases, one or more data points at an earlier time frame may be given greater weight than one or

more data points at a later time frame in the fitting process.
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[0065] In some cases, the parameter(s) of the background signal component may drift as the
sequencing operation progresses to later nucleotide flows. This effect may be due to a change in
the buffering capabilities of the loaded well, nucleotide reagent, and/or wash solution. The
buffering capacity of the loaded well may change due to various effects, such as the loss of
polymerase enzymes and/or conversion of single-stranded DNA to double-stranded DNA. The
buffering capacity of the nucleotide reagent and wash solution may change due to changes in the
concentration of the buffering species (e.g. an increase in dissolved CO,) and/or changes in the

composition of the wash solution. In such cases, the parameter(s) may be adjusted to account for
this drift. For example, the parameter T, may drift downward and the parameter R may drift
upward with later flows in the sequencing operation as polymerase enzymes are lost from the
loaded well. As such, the value of parameter T, may be adjusted downward for one or more later

flows. Also, the value of parameter R may be adjusted upward for one or more later flows.

[0066] Having established the background component of the output signal model (e.g. by
fixing one or more parameters of the function for the background component), the output signal
model can then be fitted to signal data from other flows in the well, including those that result in
incorporation events. For example, the background component can be obtained from 0-mer flows
in one or more of the earlier flows in the sequencing operation (e.g. flows over the knoWn key
sequence of the polynucleotide strand), and then with the background signal component
established, the output signal model can be applied to flows that occur later in the sequencing

operation (e.g. for unknown portions of the polynucleotide sequence).

[0067] This fitting of the output signal model may establish one or more parameters of the
incorporation signal component of the signal model. For example, the fitting may involve finding
the parameter By in the model to improve (e.g. optimize) the model fit to the measured signal
data. As explained above, any suitable fitting technique can be used. Also as explained above,
this fitting of the output signal model can encompass any suitable portion of the output signal
data. These fitted parameter(s) can then be used to calculate the incorporation signal, which can
be further analyzed to estimate the number of nucleotides incorporated into the polynucleotide

strand.

[0068] FIGS. 6A and 6B show an example of measured signals and data according to an

exemplary embodiment. FIG. 6A shows the measured output signal (“Raw Data”) from a well
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over multiple flows. The model-predicted signal curve (“VS5 fit”) is superimposed on the
measured output signal curve (mostly overlapping). FIG. 6B shows the incorporation signal
curve (noisy plot line; “Measured Data”) that is derived by subtracting the background signal
from the output signal in comparison to the incorporaﬁon signal curve (straight line; “V5 Fit”)

derived from solving the output signal model (the two plot lines are overlapping).

[0069] FIG. 7A shows a flow chart illustration of an exemplary embodiment. As shown in
step 70, signal data is received from a reactor array. As shown in step 72, the output signal model
is applied to the signal data. As shown in step 74, the model is fit to the signal curve from a 0-
mer flow with @; set to zero. As shown in steps 76 and 77, the fitted parameters of the

background component of the model are fixed and the model is then fitted to the signal curve
from a nucleotide flow over an unknown portion of the sequence of the polynucleotide strand. As

shown in step 78, by this fitting, the incorporation signal is obtained:

[0070] FIG. 7B shows a flow chart illustration of another exemplary embodiment. As shown
in step 90, signal data is received from a reactor array. As shown in step 92, a background signal
for the loaded reaction confinement region is determined using a model of an output signal from
the loaded reaction confinement region. As shown in step 94, an incorporation signal from the
loaded reaction confinement region is determined using the mode! of an output signal from the
loaded reaction confinement region. As shown in step 96, an estimate of the number of

nucleotides incorporated into the polynucleotide strand is determined.

[0071] The incorporation signal obtained from the above-described process can be analyzed
in any suitable manner to estimate the number of nucleotides incorporated into the
polynucleotide strand. In some cases, the peak of the incorporation signal curve may be used to
estimate the number of nucleotides incorporated into the polynucleotide strand. In some cases,
the incorporation signal may be analyzed empirically by comparing to a set of reference signal
curves. For example, the incorporation signal may be read by a “shape dictionary” with each
signal shape being assigned to an estimated number of nucleotides incorporated into the
polynucleotide strand. In some cases, the incorporation signals may be analyzed using a

mathematical model of the incorporation signal.

[0072] In an exemplary embodiment, there is provided a mathematical model for the

incorporation signal from the well of a reactor array. The incorporation signal may be obtained in
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any suitable way, including the techniques described above, or any other suitable technique, such
as subtracting the 0-mer signal (as the background) from a different non-incorporating flow of
the same well, or subtracting the 0-mer signal (as background) obtained from neighboring wells,

or subtracting the signal from neighboring empty wells from the output signals.

[0073] The incorporation signal may depend on various conditions, such as the amount of
nucleotide in the bulk nucleotide reagent solution and/or in the well, the amount of polymerase
(e.g. number of polymerases, concentration of polymerases, or polymerase activity), the
homopolymer n-mer length, and/or the rate of nucleotide diffusion. The incorporation signal
model may include one or more equations that describe one or more of these parameters as well
as relationships therebetween. The model may be a non-linear model in which one or more of the
equations are non-linear. For example, the model may comprise a non-linear system of
differential equations. The model may include equations for one or more of the following: the
rate of change in the nucleotide amount in the loaded well, the amount of active polymerase in
the well, the rate of change in the amount of active polymerase in the loaded well, or the flux of

hydrogen ions generated by a nucleotide incorporation reaction.

[0074] The rate of change in the nucleotide amount in a loaded well may be expressed as
being related to the rate of nucleotide diffusion into the well and the rate of nucleotide
consumption by polymerase-catalyzed incorporation reactions. For example, the rate of change
may be expressed as being proportional to the difference in the amount of nucleotide in the
nucleotide reagent and the amount of nucleotide in the loaded well. The rate of nucleotide
consumption may be expressed as being proportional to the amount of nucleotide in the loaded

well multiplied by the amount of polymerase in the loaded well.

[0075] An equation for the amount of active polymerase in the well may include a parameter
for the homopolymer n-mer length. The rate of change in the amount of active polymerase in the
loaded well may be eipressed as being related to the amount of nucleotide in the loaded well.
The flux of hydrogen ions generated by a nucleotide incorporation reaction may be expressed as
being related to the number of active polymerases, as limited by the amount of nucleotide in the
loaded well. For example, the flux may be expressed as being proportional to the number of

active polymerases multiplied by the amount of nucleotide in the loaded well. An equation for
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the flux of hydrogen ions may include a parameter relating to the rate of polymerase activity (e.g.

a reaction rate coefficient).

[0076] An example of a system of non-linear differential equations according to an
exemplary embodiment is shown in Equations 15 — 19 as follows. Equation 15 below expresses
the rate of change of the nucleotide concentration in the well as being proportional to the
concentration gradient, minus the rate at which the nucleotides are consumed by the polymerase-
catalyzed reactions. In Equation 15, [INTP] is the concentration of the nucleotide in the well;
[dNTP],, is the concentration of the nucleotide in the bulk nucleotide reagent solution; “D” is
the diffusion coefficient of the nucleotide; “k” is the reaction rate coefficient for polymerase

activity; [A] is the number of polymerases in the well.

Eqn. 15: = D{[dNTP],,, — [dNTP}} — k[dNTP][ ]

d[dNTP]
dt
[0077] Equation 16 below expresses the number of polymerases as being the sum of the
numbers at each position along the homopolymer length M, where [a,] is the number of
polymerases having “n” bases remaining along the homopolymer length. For example, a; is the
number of polymerases that are located at a position on the polynucleotide strand where 3

additional base incorporations are needed to complete the homopolymer length.

Eqn. 16: [4]=Y" [a,]

[0078] At the beginning of the reaction, all polymerases have M bases remaining and [A] =
[am]. As the reaction progresses and nucleotide bases are incorporated into each polynucleotide
strand, the number of polymerases at base position M decreases at a rate described by Equation
17 below. The rate of change of the number of polymerases at base position M is proportional to
the nucleotide concentration and the number of polymerases with M additional base

incorporations needed to complete the homopolymer length.
dla
Eqn. 17: % =—k[dNTP][a,], n=M
t

[0079] At the beginning of the reaction, no nucleotide bases have yet been incorporated and

all [a,] where n <M are zero. The population of polymerase at each of these positions [a,], where
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n <M, increases as polymerase from position [a,+] incorporates a nucleotide base. The
population of polynierase at each of these positions [a,] simultaneously decreases as these
polymerase incorporate nucleotides. Equation 18 below expresses the rate of change of [a,],
where n <M, as being the difference between these two rates. [a,] increases according to the rate
of incorporation of base position [a,+;], which is proportional to [dNTP] and the number of
polymerases at base position [ay+]. [a,] decreases according to the rate of incorporation of base

position [a,], which is proportional to [dNTP] and the number of polymerase at base position
{an).

Egn. 18: —(:i—[;]at—d:—k[dNTP] {la,.,]-1a,]} , n<M

[0080] Equation 19 below expresses the flux of hydrogen ions generated by the polymerase-
catalyzed incorporation reaction as being related to the rate of polymerase activity, the

concentration of nucleotide in the well, and the number of active polymerases.
Eqn. 19: @, = kK[dNTP][ A]

[0081] FIGS. 8A — 8D show some of the behavioral characteristics of this particular model.
FIG. 8A shows an example of how the nucleotide concentration in the well increases with the
flow of the nucleotide reagent onto the reactor array, as affected by the consumption of the
nucleotides by the polymerase-catalyzed incorporation reactions. In this example, the arrow
shows a temporary equilibrium point where the rate of nucleotide diffusion into the well equals
the rate at which the nucleotides are consumed. The leftmost curve represents a non-
incorporation event (0-mer), whereas the rightmost curve represents the incorporation of 7
nucleotide bases (7-mer) into the template. The curves in between, from left to right, represent
incorporation reactions for n-mer lengths of 1-mer, 2-mer, and so on. As seen here, the
nucleotide concentration increases at a slower rate for incorporation reactions for longer n-mer

lengths due to the higher rate and/or sustained duration of nucleotide consumption.

[0082] FIG. 8B shows an example of how the signal curves vary for incorporation reactions
on different n-mer lengths. The bottommost curve represents a non-incorporation event (0-mer),
whereas the topmost curve represents the incorporation of 7 nucleotide bases (7-mer) into the

template. The curves in between, from bottom to top, represent incorporation reactions for n-mer
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lengths of 1-mer, 2-mer, and so on. As seen here, the signal curve is higher for incorporation

reactions for longer n-mer lengths.

[0083] FIG. 8C shows an example of how the number of active polymerases decreases as the
reaction progresses. The leftmost curve represents a non-incorporation event (0-mer), whereas
the rightmost curve represents the incorporation of 7 nucleotide bases (7-mer) into the template.
The curves in between, from left to right, represent incorporation reactions for n-mer lengths of
1-mer, 2-mer, and so on. As seen here, the number of active polymerases declines at a slower
rate for incorporation reactions of longer n-mer lengths due to the longer duration needed to

complete the multiple nucleotide incorporations.

[0084] FIG. 8D shows an example of how incorporation reactions can be limited by the
amount of polymerase or the amount of nucleotide. In this example, the ratio of nucleotide
diffusion rate versus polymerase activity (D/K,) is varied. The leftmost curve represents a
relatively higher nucleotide diffusion rate, but a relatively lower polymerase activity. The
rightmost curve represents a relatively lower nucleotide diffusion rate, but a relatively higher
polymerase activity. The curves in between represent intermediate conditions. As seen here, the
incorporation reaction rate (as measured by the nucleotide concentration in the well) becomes
limited by polymerase activity when the nucleotide/polymerase ratio is high, and becomes

limited by nucleotide diffusion when the nucleotide/polymerase ratio is low.

[0085] The above-described incorporation signal model can be refined in various ways for
improved computational efficiency. In particular, calculating the population of polymerase in
each base position can be computationally inefficient. In one approach to simplifying this
problem, the desired output of the incorporation model can be seen as the total number of
hydrogen ions generated as a function of time. In this approach, the total number of active
polymerase [A] and the nucleotide concentration [dNTP] are modeled, but the populations of the
intermediate states [a,] are only necessary in order to obtain [A]. Thus, instead of modeling the
intermediate states [a,], [A] can be directly computed by modeling each template strand as a non-
homogeneous Poisson process. If the incorporation of each base is treated as a Poisson process
with a non-homogenous rate of k[dNTP], then the expression for [A] can be given by Equation

20:
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[A] = [A]t o{e d k{dNTp}MZ::(f k[dNTP])

Eqn. 20:

where [A]wo is the starting number of active polymerase in the well before any nucleotides have
been incorporated, and the expression in brackets is a cumulative Poisson equation that
calculates the probability that any given polynucleotide strand has not yet completed all M bases
of the homopolymer incorporation. This simplification may eliminate the need to use Equations
16, 17, and 18 because they are implicitly captured as part of the Poisson process. Equations 15
and 19 are still uéed fo model the diffusion of [dNTP] and the generation of hydrogen ions. This
simplified version of the incorporation model may produce the same results as the more complex

form (i.e., they can be equivalent models).

[0086] In another approach to refining the incorporation signal model, the rate of
incorporation can be modified to behave according to a Michaelis-Menten kinetic model of the
polymerization reaction. In order to adapt the model with Michaelis-Menten kinetics, the
k[dNTP] terms in Equations 15 and 17-20 can be replaced by k[dNTP}/(km + [dNTP]), where kn

is the [dNTP] at which the reaction rate is at half of its maximum value.

[0087] The incorporation signal model can then be fitted to the incorporation signal data. The
fitting may involve solving the equation(s) in the model to fit the incorporation signal data. This
fitting of the incorporation signal model may establish one or more parameters of the model. For
example, the fitting may involve varying the paramet'er for the homopolymer n-mer length to
find a value that improves (e.g. optimizes) the model fit to the incorporation signal data. For
examplé, the above set of equations can be solved for [A] and/or M (i.e. the estimated

homopolymer length).

[0088] As explained above, any suitable fitting technique can be used. Also as explained
above, this fitting of the incorporation signal model can encompass any suitable portion of the
incorporation signal data. For example, one or more data points at an earlier time frame may be

given a greater weight than one or more data points at a later time frame in the fitting process.
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[0089] Accordiﬁg to an exemplary embodiment, there is provided an apparatus for
sequencing polynucleotide strands according to the above-discussed exemplary methods. A
particular example of an apparatus is shown in FIG. 9. The apparatus of FIG. 9 is configured for
pH-based sequencing and includes multiple reservoirs for containing nucleotide reagents 1
through K (114). These reagents contain the nuc':leotides to be flowed for the sequencing 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 nucleotide reagent of the previous step. Reagents are
discarded through waste passage 104 into a waste container 106 after exiting the flow chamber

105.

[0090] 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
predetermined 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 c.ontroller may use any
conventional instrument control software, such as LabView (National Instruments, Austin, TX).
The reagents may be driven through the fluid pathways 130, valves, and flow cell by any

conventional mechanism such as pumps or gas pressure.

[0091] 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
uninterrupted 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 passage
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 configuration has the advantage of ensuring that reference
electrode 108 is in contact with only a single fluid or réagent throughout an entire multi-step

reaction process.

[0092] As shown in FIG. 9, 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
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sensor array 100 that measures physical and/or chemical parameters in the microwells that
provide information about the status of 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 detecting an analyte or reaction property of interest. In this
particular embodiment, the microwell array is integrated with the sensor array as a single chip. A
flow cell can have a variety of designs for controlling the path and flow rate of reagents over the
microwell array. This particular apparatus has an array controller 124 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.

[0093] An apparatus may be used to perform the above-described exemplary methods. The
apparatus may be a computer that includes various components such as processor(s) and
memory. An example of an apparatus of the present teachings is shown in FIG. 10. In some
embodiments, the apparatus 60 may include one or more processors 64 and machine-readable
memory 66. In some embodiments, the apparatus méy include a display 70. In some
embodiments, the apparatus may include a reader board 62 which is coupled to a reactor array
68. The reader board 62 may include various components used in signal processing, including
analog-to-digital converters. In some embodiments the apparatus may be part of the sequencing
apparatus. In other embodiments, the apparatus may be separate from the sequencing apparatus;

in some embodiments the apparatus may be coupled to the sequencing apparatus.

[0094] In pH-based detection methods, the production of hydrogen ions may be
monotonically related to the number of contiguous complementary bases in the template strands
(as well as the total number of template strands 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 hydrogen ions generated is generally
proportional to the number of contiguous identical complementary bases. The corresponding
output signals may sometimes be referred to as “l-mer”, “2-mer”, “3-mer” output signals, and so
on, based on the expected number of repeating bases. The term “n-mer” refers to the number of
contiguous identical complementary bases that are incorporated into the complementary strand
on the template strand. Where the next base in the template is not complementary to the flowed
nucleotide, generally 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).
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[0095] In each wash step of the cycle, a wash solution (typically having a predetermined pH)
is used to remove residual nucleotide of the previous step in order to prevent misincorporations
in later cycles. Usually, the four different kinds of nucleotides (e.g. dATP, dCTP, dGTP, and
dTTP) are flowed sequentially to the reaction chambers, so that each reaction is exposed to one
of the four different nucleotides for a given flow, with the exposure, incorporation, and detection
steps being followed by a wash step. An example of this process is illustrated in FIG. 11, which
shows a template polynucleotide 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 incorporation. Upon the flow of the nucleotide (shown as dATP),
polymerase 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 nucleotide (dCTP) is flowed 692. Optionally, after each step of flowing a
nucleotide, the reaction chambers may be treated with a nucleotide-destroying agent (such as
apyraise) to eliminate any residual nucleotides remaining in the chamber, which can cause
spurious extensions in subsequent cycles. This process may be repeatedly continued with

additional flows of nucleotide reagents.

[0096] In various embodiments, a polynucleotide may be represented by a sequence of letters
(upper or lower case), such as “ATGCCTG,” and it will be understood that the nucleotides are in
5'— 3' order from left to right and that “A” denotes deoxyadenosine, “C” denotes deoxycytidine,
“G” denotes deoxyguanosine, and “T” denotes thymidine, “I” denotes deoxyinosine, “U” denotes

uridine, unless otherwise indicated or obvious from context.

[0097] Polynucleotides may comprise the four natural nucleosides (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 polynucl.eotide substrates is

~well within the knowledge of one of ordinary skill, especially with guidance from treatises such
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as Sambrook et al, MOLECULAR CLONING, 2nd ed. (Cold Spring Harbor Laboratory, New York,
1989), and like references.

[0098] “Polynucleotide” refers to a linear polymer of nucleotide monomers and may be DNA
or RNA. Monomers making up polynucleotides are capable of spéciﬁcally binding to a natural
polynucleotide by way of a regular pattern of monomer-to-monomer interactions, such as
Watson-Crick type of base pairing, base stacking, Hoogsteen or reverse Hoogsteen types of base
pairing, or the like. Such monomers and their internucleosidic 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. As used herein, the term “oligonucleotide” refers to smaller

polynucleotides, for example, having 5 — 40 monomeric units.

[0099] Various embodiments may be implemented using hardware elements, software
elements, or a combination of both. Examples of hardware elements may include processors,
MICroprocessors, circuits, circuit elements (e.g., transistors, resistors, capacitors, inductors, and
so forth), integrated circuits, application specific integrated circuits (ASIC), programmable logic
devices (PLD), digital signal processors (DSP), field programmable gate array (FPGA), logic
gates, registers, semiconductor device, chips, microchips, chip sets, and so forth. Examples of
software may include software components, programs, applications, computer programs,
application programs, system programs, machine programs, operating system software,
middleware, ﬁrmwafe, software modules, routines, subroutines, functions, methods, procedures,
software interfaces, application program interfaces (API), instruction sets, computing code,
computer code, code segments, computer code segments, words, values, symbols, or any
combination thereof. Determining whether an embodiment is implemented using hardware
elements and/or software elements may vary in accordance with any number of factors, such as
desired computational rate, power levels, heat tolerances, processing cycle budget, input data
rates, output data rates, memory resources, data bus speeds and other design or performance

constraints.

[00100] Some embodiments may be implemented, for example, using a machine-readable

medium or article which may store an instruction or a set of instructions that, if executed by a
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machine, may cause the machine to perform a method and/or operations in accordance with the
embodiments. Such a machine may include, for example, any suitable processing platform,
computing platform, computing device, processing device, computing system, processing
system, computer, processor, or the like, and may be implemented using any suitable
combination of hardware and/or software. The machine-readable medium or article may include,
for example, any suitable type of memory unit, memory device, memory article, memory
medium, storage device, storage article, storage medium and/or storage unit, for example,
memory, removable or non-removable media, erasable or non-erasable media, writeable or re-
writeable media, digital or analog media, hard disk, ﬂopby disk, read-only memory compact disc
(CD-ROM), recordable compact disc (CD-R),‘rewriteable compact disc (CD-RW), optical disk,
magnetic media, magneto-optical media, removable memory cards or disks, various types of
Digital Versatile Disc (DVD), a tape, a cassette, or the like, including any medium suitable for
use in a computer. The instructions may include any suitable type of code, such as source code,
compiled code, interpreted code, executable code, static code, dynamic code, encrypted code,
and the like, implemented using any suitable high-level, low-level, object-oriented, visual,

compiled and/or interpreted programming language.

[00101] According to other embodiments of the present teachings, any one or more features of
any one or more of the above-discussed teachings and/or exemplary embodiments may be

performed or implemented at least partly using a cloud computing resource.

[00102] Those skilled in the art may appreciate from the foregoing description that the present
teachings may be implemented in a variety of forms, and that the various embodiments may be
implemented alone or in combination. Therefore, while the embodiments of the present teachings
have been described in connection with particular examples thereof, the true scope of the
embodiments and/or methods of the present teachings should not be so limited since other
modifications will become apparent to the skilled practitioner upon a study of the drawings,

specification, and following claims.
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CLAIMS

What is claimed is:

1. A method of sequencing a polynucleotide strand, comprising:

flowing a series of nucleotide flows onto a reactor array having multiple reaction
confinement regions, one or more copies of the polynucleotide strand being located in a loaded
reaction confinement region of the reactor array;

receiving output signals from the reactor array;

determining a background signal for the loaded reaction confinement region using a
model of an output signal from the loaded reaction confinement region;

determining an incorporation signal from the loaded reaction confinement region using
the model of an output signal from the loaded reaction confinement region; and

determining an estimate of a number of nucleotides incorporated into the polynucleotide

strand.

2. The method of claim 1, wherein the model comprises a function for a background signal

component and a function for an incorporation signal component.

3. The method of claim 2, wherein the step of determining the background signal comprises

fitting the model to background signal data from the loaded reaction confinement region.

4. The method of claim 3, wherein the background signal data comprises representative
signal data for a first flow to the loaded reaction confinement region, wherein the first flow

results in a non-incorporation event in the loaded reaction confinement region.

5. The method of claim 4, wherein the first flow is over a part of the polynucleotide strand

that is known to be non-complementary to the nucleotide in the first flow.

6. The method of claim 4, wherein the first flow is immediately preceded by a prior flow

that contains the same nucleotide as in the first flow.
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7. The method of claim 4, wherein the step of determining the incorporation signal
comprises fitting the model to signal data for a second flow to the loaded reaction confinement

region to obtain the incorporation signal for the second flow.

8. The method of claim 7, wherein the step of fitting the model to signal data for the second
flow comprises applying greater weight to a portion of the signal data that is earlier or later in

time than another portion of the signal data.

9. The method of claim 7, wherein the function for the background signal component
comprises a rate parameter relating to a rate of change in the amount of hydrogen ions in the

loaded reaction confinement region.

10. The method of claim 9, wherein the function for the background signal component
further comprises a ratio parameter relating to a ratio of a rate of change in the amount of
hydrogen ions in a representative empty reaction confinement region relative to the rate of

change in the amount of hydrogen ions in the loaded reaction confinement region.

11. The method of claim 7, wherein the function for the background signal component
comprises the difference between the output signal of a representative empty reaction

confinement region and the output signal from the loaded reaction confinement region.

12. The method of claim 11, wherein the function for the background signal component
comprises the integral of the difference between the output signal of a representative empty
reaction confinement region and the output signal from the loaded reaction confinement region

from one or more prior time frames.
13. The method of claim 7, wherein the function for the background signal component is

derived from the flux of hydrogen ions between the nucleotide reagent of the first flow and the

loaded reaction confinement region.
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14. The method of claim 13, wherein the function for the background signal component is

further derived from the total flux of hydrogen ions in the loaded reaction confinement region.

15. The method of claim 14, wherein the function for the background signal component is
further derived from the flux of hydrogen ions between the nucleotide reagent of the first flow

and the representative empty reaction confinement region.

16. The method of claim 10, wherein the fitting of the model for the first flow comprises
varying at least one of the rate parameter and the ratio parameter to improve the fit to the signal

data from the first flow.

17. The method of claim 7, wherein the function for the incorporation signal component
comprises a buffering parameter relating to the buffering capacity of the loaded reaction

confinement region.

18. The method of claim 17, wherein the fitting of the model to the signal data from the
second flow comprises varying the buffering parameter to improve the fit with the signal data

from the second flow.

19. The method of claim 7, wherein the step of fitting the model to representative signal data

for the first flow comprises setting the incorporation signal component to zero or near zero.

20. The method of claim 1, wherein the step of determining an estimate of the number of
nucleotides incorporated further comprises fitting the incorporation signal model to the

incorporation signal.
21. The method of claim 1, wherein the step of determining an estimate of the number of

nucleotides incorporated comprises comparing the incorporation signal to a set of reference

incorporation signal curves.
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22. A non-transitory machine-readable storage medium comprising instructions which, when
executed by a processor, cause the processor to:

receive output signals relating to chemical reactions resulting from the flow of a series of
nucleotides onto a reactor array having multiple reaction confinement regions, one or more
copies of the polynucleotide strand being located in a loaded reaction confinement region of the
reactor array,

determine a background signal for the loaded reaction confinement region using a model
of an output signal from the loaded reaction confinement region, wherein the model is stored in a
computer memorys;

determine an incorporation signal from the loaded reaction confinement region using the
model of an output signal from the loaded reaction confinement region;

determine an estimate of the number of nucleotides incorporated into the polynucleotide
strand; and

store the estimate of the number of nucleotides incorporated in the memory.

23. A method of sequencing a polynucleotide strand, comprising:

flowing a nucleotide reagent onto a reactor array having multiple reaction confinement
regions, one or more copies of the polynucleotide strand being located in a loaded reaction
confinement region of the reactor arrays;

receiving signal data from the reactor array;

processing the signal data from the loaded reaction confinement region to obtain
incorporation signal data; and

determining an estimate of a number of nucleotide incorporations resulting from the
nucleotide reagent flow by applying an incorporation signal model to the incorporation signal

data.

24. The method of claim 23, wherein the incorporation signal model comprises an equation

for the flux of hydrogen ions generated by a nucleotide incorporation reaction.
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25. The method of claim 24, wherein the step of determining an estimate of the number of
nucleotide incorporations comprises fitting the incorporation signal model to the incorporation

signal data.

26. The method of claim 25, wherein the step of fitting the incorporation signal model to the
incorporation signal data comprises applying greater weight to a portion of the signal data that is

earlier or later in time than another portion of the signal data.
27. The method of claim 25, wherein the step of determining an estimate of the number of
nucleotide incorporations further comprises using the results of the fitting to estimate the number

of nucleotide incorporations.

28. The method of claim 27, wherein the model further comprises an equation for a rate of

change in the nucleotide amount in the loaded reaction confinement region.

29. The method of claim 27, wherein the model further comprises an equation for the amount

of active polymerase in the reaction confinement region.

30. The method of claim 27, wherein the model further comprises an equation for the rate of

change in the amount of active polymerase in the loaded reaction confinement region.
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