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(57) Abstract: In some embodiments, current-to-current BLAST
techniques for aligning electric nanopore signals to signal predic-
tions of a reference database are provided. Operating at the sig-
nal, rather than the sequence, level avoids introducing unnecessary
errors from base calling and preserves a more faithful representa-
tion of the sequenced molecule. The current-to-current BLAST im-
proves on the standard sequence-to-sequence BLAST over a wide
range of sequencing accuracies. Similar techniques are disclosed for
searching for other analog query signals in reference analog signal
databases.
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CURRENT-TO-CURRENT NANOPORE DATA BLAST ALIGNMENT

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims the benefit of Provisional Application No. 62/778863,
filed December 12, 2018, the entire disclosure of which is hereby incorporated by

reference herein for all purposes.

STATEMENT OF GOVERNMENT LICENSE RIGHTS

[0002] This invention was made with government support under Grant No. ROl
HGO05115, awarded by the National Institutes of Health. The government has certain

rights in the invention.

BRIEF SUMMARY

[0003] In some embodiments, a computer-implemented method for aligning genetic
sequence reads to a reference genome is provided. A computing system receives a
sequence read generated by a sequencing device. The computing system converts the
sequence read to a series of predicted analog values that would be generated by the
sequencing device for the sequence read. The computing system aligns the series of
predicted analog values to a reference genome. A non-transitory computer-readable
medium having computer-executable instructions stored thereon that, in response to
execution by one or more processors of a computing system, cause the computing
system to perform such a method, as well as a computing system that performs such a

method, are also provided.

[0004] In some embodiments, a computer-implemented method of finding an analog
query pattern in a set of analog reference data is provided. A computing system
generates a set of binned query values based on the analog query pattern. The
computing system determines a seed value based on the set of binned query values.
The computing system searches for the seed value in the set of analog reference data.
For each location in the set of analog reference data in which the seed value is found,
the computing system extends the seed value into a candidate result. The computing
system evaluates the candidate results to determine confidence values that each
candidate result represents a true result. A non-transitory computer-readable medium

having computer-executable instructions stored thereon that, in response to execution
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by one or more processors of a computing system, cause the computing system to
perform such a method, as well as a computing system that performs such a method,

are also provided.

[0005] In some embodiments, a computer-implemented method for aligning genetic
sequence reads to a reference genome is provided. A computing system receives a
sequence read generated by a sequencing device, and aligns the sequence read to a
reference genome. Aligning the sequence read to the reference genome includes
scanning the reference genome for one or more seeds based on the sequence read; and
extending the one or more seeds to generate one or more candidate alignments. Each
candidate alignment includes an alignment score, and at least one of the scanning of
the reference genome and the extending of the one or more seeds is based on a series
of predicted analog values associated with the sequence read . A non-transitory
computer-readable medium having computer-executable instructions stored thereon
that, in response to execution by one or more processors of a computing system, cause
the computing system to perform such a method, as well as a computing system that

performs such a method, are also provided.

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWINGS

[0006] To easily identify the discussion of any particular element or act, the most
significant digit or digits in a reference number refer to the figure number in which

that element is first introduced.

[0007] FIG. 1 illustrates a seed-extend approach of BLAST according to various

aspects of the present disclosure.

[0008] FIG. 2 is a chart that compares a traditional sequence-to-sequence BLAST
alignment technique (ssBLAST) to a non-limiting example embodiment of a current-
to-current BLAST alignment technique (i1BLAST) according to various aspects of the

present disclosure.

[0009] FIG. 3 includes four charts that illustrates the principle of performing a

current-to-current comparison according to various aspects of the present disclosure.
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[0010] FIG. 4 is a block diagram that illustrates a non-limiting example embodiment
of a system for genomic sequencing and alignment according to various aspects of the

present disclosure.

[0011] FIG. 5 is a flowchart that illustrates a non-limiting example embodiment of a
method of aligning a sequence read to a reference genome according to various aspects

of the present disclosure.

[0012] FIG. 6 illustrates an example of a Mealy FSM usable to find seeds according

to various aspects of the present disclosure.

[0013] FIG. 7 illustrates a bin-free method of seed scanning for the case of
continuously valued inputs between 0 and 1 according to various aspects of the present

disclosure.

[0014] FIG. 8 is a schematic drawing that illustrates the simple gapped alignment

seed extension method according to various aspects of the present disclosure.

[0015] FIG. 9 is a schematic drawing that illustrates the windowed extension

technique according to various aspects of the present disclosure.

[0016] FIG. 10 and FIG. 11 are a pseudocode listing of a technique for seed extension

according to various aspects of the present disclosure.

[0017] FIG. 12 is ablock diagram that illustrates a non-limiting example embodiment
of a computing device appropriate for use as a computing device with embodiments of

the present disclosure.

[0018] FIG. 13 illustrates final parameters used in a validation experiment for a non-

limiting example embodiment of the present disclosure.

[0019] FIG. 14 is a chart that illustrates the distribution of accuracies for full MinION
reads of M13mp18 in the test dataset.

[0020] FIG. 15 is a chart that illustrates TPR and FPR variation with respect to an

acceptance threshold in order to select a BLAST operational point.

[0021] FIG. 16 includes four charts that illustrate receiver operating characteristics

for different read accuracies.
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[0022] FIG. 17 is a chart that illustrates a comparison of true positive rate as a

function of read accuracy for ssBLAST and iiBLAST techniques.

[0023] FIG. 18 includes two charts that show a length correction for alignment scores

according to various aspects of the present disclosure.

[0024] FIG. 19 includes two charts that illustrate conversion of alignment scores to

p-values according to various aspects of the present disclosure.

[0025] FIG. 20 illustrates a complete accounting of the average per-read time spent
during the various phases of the BLAST algorithm in validation experiments of a non-

limiting example embodiment of the present disclosure.

[0026] FIG. 21 illustrates alignment p-value results from validation experiments of a

non-limiting example embodiment of the present disclosure.

DETAILED DESCRIPTION
INTRODUCTION

[0027] Many important clinical and in-field DNA sequencing questions can be
answered without conducting whole genome sequencing. Applications including
pathogen detection, outbreak tracking, and metagenomic studies are more interested in
coarse-grained information about the representation of different species or mutants in
a sample, rather than in sequencing entire genomes. The common question asked in
these studies is not, "what is the DNA sequence of this organism (or organisms)?" but
rather, "what organism (or organisms) are represented by these measured DNA

sequences?"

[0028] These sorts of "what's in my pot?" experiments rely on quickly searching for
matches of the sequencing reads against a large database of previously-sequenced
reference genomes. This type of large-scale sequence-to-sequence comparison
problem is computationally difficult. The reference databases within which we want
to look for matches can be dauntingly large. The entire database of all known genomes,
available from the National Center for Biotechnology Information (NCBI),comprises
over 2.9 Tb (nearly 3 trillion bases). Searches usually only use a subset of this vast

database, but can still commonly run to several gigabases.
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[0029] The computational issues posed by the large reference database sizes are
compounded by the typical requirement that a search return inexact matches. Searching
for exact sequence-to-sequence matches is computationally simple, even for long
sequences. This sort of simple "word search" can run in O(N) time, where Nis the
length of the sequence within which we are searching for matches (i.e. the reference
database). However, given the possibility of mutations relative to the reference
genome, and of errors in either the reference or the read, we are often interested in

inexact matches.

[0030] The optimal inexact match ("alignment") of one smaller sequence to some
subset of a larger sequence can be efficiently found by the Smith-Waterman alignment
technique. The Smith-Waterman technique is a special case of the more commonly
known Needleman-Wunsch technique. Needleman-Wunsch finds the optimal global
alignment between two sequences, aligning all of sequence 1 against all of sequence
2. Smith-Waterman instead finds the optimal local alignment between subsets of the

two sequences.

[0031] A full sequence-to-sequence Smith-Waterman alignment requires O(N1* Na2)
time, where N1 is the length of sequence 1 and NV is the length of sequence 2. As the
database of reference genomes becomes large, conducting a Smith-Waterman

alignment of the sequencing reads against the entire reference becomes impractical.

[0032] The Basic Local Alignment Search Tool ("BLAST") is a fast alignment
technique commonly used to solve these computational difficulties. Unlike the Smith-
Waterman technique, BLAST is a heuristic algorithm and does not guarantee that it
will find the optimal local alignment. However, it can reliably achieve near-optimal
results while vastly reducing computation time relative to Smith-Waterman, making it

a powerful tool for searching large sequence databases.

[0033] BLAST achieves its speed advantage through a seed-extend approach, as
illustrated in FIG. 1. Given a "query" sequence (i.e. the sequencing read) and a
reference database to search, BLAST first looks for seeds: short, exact matches of
segments of the query within the database. Seed finding is a fast O(N) word search

problem, as described above. The found seeds are then extended using a Smith-
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Waterman-type local alignment technique, terminating when the quality of the nascent

alignment starts to deteriorate.

[0034] The seed-extend strategy saves time over full alignment by avoiding filling in
the alignment matrix at locations unlikely to generate good matches. A Smith-
Waterman alignment calculates a length(query) x length(reference) alignment matrix,
representing all possible alignments of the two sequences. BLAST instead only fills in
the alignment matrix around the exactly matching seeds. This selective calculation
introduces some risk that the overall best alignment is missed, but this risk is low
assuming the seeds are of a reasonable size. In return for this risk, we achieve a

dramatic improvement in run time.

[0035] Several of the advantages of nanopore sequencing make it ideally suited for
BLAST-based sequencing applications. Already, nanopore sequencing devices have
demonstrated fast sample-to-answer timelines, low input and sample preparation
requirements, and portability. These advantages indicate that nanopore sequencing
technologies could be uniquely well-suited to these sorts of BLAST-based clinical and
in-field sequencing applications where speed, ease-of-use, and portability are often of
utmost importance. Indeed, researchers and clinicians have already used nanopore
sequencing effectively in pathogen detection, outbreak tracking, species identification,

and metagenomic sequencing.

[0036] However, the low single-read sequencing accuracies typical of existing
nanopore sequencing devices can hinder BLAST performance. Lower read accuracy
means that a read will match less strongly to the correct on-target location in the
reference database. Weaker on-target alignments mean that the correct alignment is
less distinguishable from the crowd of off-target alignments. Thus, low accuracy reads
can increase the rate of both false positives (alignments to incorrect reference locations
being called as matches) and false negatives (alignments to the correct reference

location not being called as matches).

[0037] Aligning the measured ionic current signal from the nanopore against the
predicted signal for the reference sequence using a Smith-Waterman-style alignment
can give strong alignments even for low accuracy reads. Using the ionic current-to-

sequence model to predict the signal that would be observed for the reference
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sequence, then aligning the measured signal to that generated strong read-to-reference
alignment, even for reads with low sequencing accuracy. Aligning current-to-current
instead of sequence-to-sequence is effective due to nanopore sequencing errors which
are caused by incorrect decoding of ambiguous ionic current signals, rather than by

fundamental errors in the signal itself.

[0038] These base calling errors arise as many different DNA sequences can generate
only slightly different electronic signals. In the case of an ambiguous signal that could
have been generated by multiple different underlying sequences, the base caller is
forced to make a deterministic choice amongst the different sequence candidates.
These deterministic choices in response to ambiguous information can freeze in errors
and destroy information that was present in the original signal. By aligning using the
ionic current signal in lieu of the called bases, we preserve all the information available

and avoid unnecessarily introducing errors into the reads.

SEQUENCE-TO-SEQUENCE BLAST AND CURRENT-TO-CURRENT BLAST

[0039] FIG. 2 is a chart that compares a traditional sequence-to-sequence BLAST
alignment technique (ssBLAST) to a non-limiting example embodiment of a current-
to-current BLAST alignment technique (iiBLAST) according to various aspects of the
present disclosure. As shown, ssSBLAST uses the base calls based on the nanopore
ionic current signal, then compares the bases against the reference sequence. In the
illustrated embodiment, iiIBLAST takes the same base calls, then uses them to
reconstruct the ionic current signal based on the ionic current-to-sequence model. The
ionic currents for the reference sequence are reconstructed in the same way. Finally,
the reconstructed ionic currents of the measurement and reference are compared. As
will be shown below, the current-to-current comparison of 1iIBLAST has numerous
advantages over the sequence-to-sequence comparison of ssBLAST, particularly for

nanopore sequence reads.

[0040] FIG. 3 includes four charts that illustrates the principle of performing a
current-to-current comparison according to various aspects of the present disclosure.
In Chart A, a hypothetical series of ionic current measurements (the dotted line
connecting round ball current values) is shown. These measurements are similar to

the predicted currents for both the true DNA sequence (solid line) and an incorrect
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DNA sequence (dotted line). While the predicted currents for both the true and
incorrect sequences are similar both to each other and to the measured signal, the
sequences themselves differ in 6 out of their 10 nucleotides. A base calling algorithm
attempting to decode the measured signal could easily read out the incorrect sequence
in this instance, making it difficult to trace the read back to its correct location in a

reference.

[0041] Chart B illustrates the residuals (measured ionic current versus predicted ionic
current) of the data against the true sequence prediction and the incorrect sequence
prediction. In both cases, the residuals are small, and the data matches slightly better
to the incorrect sequence than the true sequence, thus causing the base caller to call
the incorrect sequence. The measured data diverges from the true prediction primarily
due to a somewhat low measurement at DNA position 4. This single low measurement

in the raw data causes 6 incorrect base calls.

[0042] Chart C illustrates the result of providing the base-called sequence for the
example read for use in a BLAST search. If this data was used in a BLAST search, it
would yield a poor match to the true sequence, with only 4 out of 10 bases matching

(scores are assigned as +1 for match, -1 for mismatch, for a total of -2).

[0043] Chart D illustrates the result of providing the predicted ionic currents for use
in a BLAST search. The predicted ionic currents of the called sequence preserve the
ambiguity of the measured data. Comparing the currents of the called sequence to
those of the true sequence, we see a stronger match. Scores are assigned as 2 minus
the z-score between the currents (for a total of +14.0). Though the score is assigned
as 2 minus the z-score in the illustrated embodiment, this is only one possible scoring

system. In other embodiments other signal-to-signal scoring systems may be used.

[0044] Accordingly, in some embodiments the present disclosure, the principle of
current-to-current comparison is extended by adapting the BLAST algorithm to use the
measured nanopore ionic currents instead of the called bases. One goal is to produce
a fast heuristic sequence alignment method that optimally uses the data present in the
nanopore signal. In some embodiments, an ionic current-based BLAST technique is

used.
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[0045] FIG. 4 is a block diagram that illustrates a non-limiting example embodiment
of a system 400 for genomic sequencing and alignment according to various aspects
of the present disclosure. As shown, the system 400 includes a measurement system

402 and an alignment determination system 412.

[0046] The measurement system 402 and the alignment determination system 412
may exchange information using any suitable technique, including but not limited to a
wired networking technique (including but not limited to Ethernet, USB, and
FireWire), a wireless networking technique (including but not limited to Wi-Fi,
WiMAX, Bluetooth, or mobile communication techniques including but not limited to
4G, 5G, and LTE), medium transfer techniques (including but not limited to storing
information on one device using a removable computer-readable medium of any
suitable type including but not limited to an optical disk, a floppy disk, a removable
hard disk drive, or a flash drive, and then moving the computer-readable medium to

the other device), or any combination of such techniques.

[0047] The measurement system 402 may be any type of system for generating analog
signals that represent nucleotides in a DNA molecule. One non-limiting example
embodiment of a measurement system 402 is a nanopore measurement system, of
which the MinION system from Oxford Nanopore Technologies is a non-limiting
example. Other examples of types of measurement systems include, but are not limited
to, single molecule real time sequencing (SMRT) systems and optical mapping
systems. In some embodiments, systems that generate continuously valued analog
information other than DNA information, including but not limited to voice/speech
recognition systems and soil/rock strata analysis systems, may be used, and the

11IBLAST techniques disclosed herein may be adapted to cover such technologies.

[0048] As shown, the measurement system 402 includes a signal generation device
404 and an analog to digital signal decoding device 410. In some embodiments, the
signal generation device 404 includes structure that physically analyzes the sample,
such as a DNA molecule, and generates the analog signal based on the physical
analysis. A non-limiting example of such structure is a nanopore, for which the analog
signal is a measurement of a current associated with the nanopore for a base of the
DNA molecule. In some embodiments, the analog to digital signal decoding device

410 includes logic that analyzes the analog signals generated by the signal generation
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device 404 to determine a sequence of bases represented by the analog signals. The
analog to digital signal decoding device 410 may then provide the sequence of bases
to other systems, such as the alignment determination system 412. The measurement
system 402 may also provide the raw analog signals to other devices (such as the

alignment determination system 412).

[0049] In some embodiments, the alignment determination system 412 includes one
or more computing devices configured to provide the functionality described below.
Any suitable type of computing devices may be used, including but not limited to
desktop computing devices, laptop computing devices, mobile computing devices,
tablet computing devices, computing devices that are part of a cloud computing

system, or any combinations thereof.

[0050] As shown, the alignment determination system 412 includes at least one
processor 416, a computer-readable medium 418, and a reference data store 414. As
shown, the computer-readable medium 418 has logic stored thereon that, in response
to execution by the at least one processor 416, causes the alignment determination
system 412 to provide an analog signal generation engine 406 and a BLAST alignment
engine 408. In some embodiments, the analog signal generation engine 406 is
configured with logic similar to the logic executed by the analog to digital signal
decoding device 410 for converting analog signals into bases, but that operates in
reverse (that is, to predict analog signals that would be expected to generate a given
series of bases). In some embodiments, the BLAST alignment engine 408 is
configured to use the information provided by the other components of the system to

perform a BLAST alignment as described in detail below.

[0051] In some embodiments, the reference data store 414 is configured to store
reference genome information to which the sample being analyzed is to be aligned. In
some embodiments, the reference data store 414 may include information for multiple
different genomes. In some embodiments, the reference data store 414 may also be
configured to store predicted analog values associated with the reference genome

information, so that such values only need to be calculated once.

[0052] As used herein, the term "engine" refers to logic embodied in hardware or

software instructions, which can be written in a programming language, such as C,

10
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C++, COBOL, JAVA™_ PHP, Perl, HTML, CSS, JavaScript, VBScript, ASPX,
Microsoft .NET™, Go, Python, and/or the like. An engine may be compiled into
executable programs or written in interpreted programming languages. Software
engines may be callable from other engines or from themselves. Generally, the engines
described herein refer to logical modules that can be merged with other engines, or can
be divided into sub-engines. The engines can be implemented by logic stored in any
type of computer-readable medium or computer storage device and be stored on and
executed by one or more general purpose computers, thus creating a special purpose
computer configured to provide the engine or the functionality thereof. The engines
can be implemented by logic programmed into an application-specific integrated

circuit (ASIC), a field-programmable gate array (FPGA), or another hardware device.

[0053] As used herein, the term “data store” refers to any suitable device configured
to store data for access by a computing device. One example of a data store is a highly
reliable, high-speed relational database management system (DBMS) executing on one
or more computing devices and accessible over a high-speed network. Another
example of a data store is a key-value store. However, any other suitable storage
technique and/or device capable of quickly and reliably providing the stored data in
response to queries may be used, and the computing device may be accessible locally
instead of over a network, or may be provided as a cloud-based service. A data store
may also include data stored in an organized manner on a computer-readable storage
medium, such as a hard disk drive, a flash memory, RAM, ROM, or any other type of
computer-readable storage medium. One of ordinary skill in the art will recognize that
separate data stores described herein may be combined into a single data store, and/or
a single data store described herein may be separated into multiple data stores, without

departing from the scope of the present disclosure.

[0054] FIG. S is a flowchart that illustrates a non-limiting example embodiment of a
method of aligning a sequence read to a reference genome according to various aspects
of the present disclosure. The method 500 implements a non-limiting example
embodiment of the novel 1iIBLAST technique to align sequence reads. In some
embodiments, various changes from the illustrated flowchart, some of which are
expressly described below, may be made without departing from the scope of the

present disclosure.

11
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[0055] From a start block, the method 500 proceeds to block 502, where an analog
signal generation engine 406 of an alignment determination system 412 generates
analog values corresponding to a reference genome. At block 504, the analog signal
generation engine 406 stores the analog values in a reference data store 414 of the
alignment determination system 412. The analog values for the reference genome may
represent the current that would be expected to be observed if the sequence of
nucleotides in the reference genome was sequenced by the signal generation device
404, and may be based on an inverse of a model used by the analog to digital signal
decoding device 410 of the measurement system 402 to determine the bases

corresponding with the signals generated by the signal generation device 404.

[0056] At block 506, a signal generation device 404 of a measurement system 402
generates an analog signal for a sample. In some embodiments, the analog signal
includes a varying current detected by a nanopore as a molecule of DNA passes
through the nanopore. At block 508, an analog to digital signal decoding device 410
of the measurement system 402 determines a sequence read based on the analog signal.
In addition to correlating particular currents and/or sequences of currents to the
presence of particular nucleotides, in some embodiments, the analog to digital signal
decoding device 410 may also perform additional error correction actions that improve
the quality of the sequence read in view of common processing errors. At block 510,
the analog to digital signal decoding device 410 transmits the sequence read to the

alignment determination system 412.

[0057] At block 512, the analog signal generation engine 406 converts the sequence
read to a series of predicted analog values. There are several possible choices of which
ionic currents to use in the current-to-current comparison. One option is to use the raw
ionic current states measured by the nanopore device (in which case block 506, block
508, and block 512 would be unnecessary, and block 510 would instead transmit the
analog signal for the sample). Another option is to take the base-called sequence and
reconstruct it back into ionic currents using the ionic current-to-sequence model used
in base calling (as illustrated in FIG. 5). A variant on this second approach is to directly
compare the bases of the base-called sequence and reference, but under the statistical
framework of a sequence-to-current generation model. In this implementation,

current-generating blocks of the measured sequence (for example, n-base segments or

12
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n-mers) are compared against the same blocks of the reference sequence, and scored
according to how similar or different the current generation model expects their
respective signals to be. This avoids storing a fully translated “signal” version of the
reference database. While the first choice (measured ionic currents) seems the more
natural choice, we found results can be improved by using the second choice

(reconstructed ionic currents).

[0058] The reasons for this are two-fold. The first and primary reason is that of
calibration. The ionic currents observed during various nanopore reads of the same
DNA sequence can vary in their overall magnitude (offset from zero) and the relative
magnitudes of the different ionic current states (scale). Variation can occur day-to-day,
experiment-to-experiment, and even pore-to-pore due to variation in electrode offsets.
Prior to base calling, each individual read must be calibrated to the ionic current-to-
sequence model used by the base caller. Further complicating matters, the correct
calibration for a given read is not necessarily constant over the duration of the
read. Particularly for long reads, the calibration required to match the measured ionic
currents to the model can drift as the electrode offsets change. The sophisticated base
calling software provided by ONT can account for the confounding effects of
calibration, and the base-called results of each read represent the optimal decoding of
the calibrated ionic current measurements. Thus, by reconstructing the base calls to
ionic currents, rather than using the raw measured states, we circumvent the difficulties

of calibration and are guaranteed a well-calibrated ionic current signal.

[0059] The second, less significant advantage to using the reconstructed ionic
currents is also predicated on corrections made by ONT's base caller. The measured
nanopore ionic current signal can be marred by complex error modes. For example, the
motor protein used to control DNA progression through the nanopore can take random,
non-single-nucleotide steps. Additionally, the change point detection algorithm used
to partition the time-series ionic current data into discrete states can make errors,
introducing erroneous partitions (extra states) or failing to call enough partitions
(missed states). The combination of enzyme missteps and partitioning errors means
that the reported ionic current states do not always faithfully represent the true
sequence of the DNA strand being sequenced. The ONT base caller has some ability

to handle and ameliorate these error modes. By using the ONT base calls and
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reconstructing the ionic current, we avoid the difficulties presented by these complex

error modes while still harnessing the power of current-to-current alignment.

[0060] Atblock 514, a BLAST alignment engine 408 of the alignment determination
system 412 bins the analog values corresponding to the reference genome and the
series of predicted analog values. In some embodiments, the binning may be
constructed based on the composition of the ionic current-to-sequence model used in
base calling. For example, if a k-mer model with k = 5 is used, the k-mers include 4°
= 1024 distinct sequence states, each with an associated ionic current. Given a number
of bins Nuins, the partitions between bins may be chosen so that each bin contained the
same number of sequence states. In other embodiments, different sized k-mers and/or

different numbers of bins may be used.

[0061] At subroutine block 516, a subroutine is performed wherein the BLAST
alignment engine 408 scans the binned reference genome for a seed of the binned series
of predicted analog values. In some embodiments, the subroutine may include using
a Mealy finite state machine (FSM) to search for seeds. FIG. 6 illustrates an example
of a Mealy FSM usable to find seeds according to various aspects of the present
disclosure. As shown, the Mealy FSM can be graphically represented as a collection
of states linked by transitions triggered by inputs (individual bases or ionic currents
from the reference database), or mathematically represented by a “transition matrix”
and an “emission matrix.” The illustrated Mealy FSM shows the use of k-mers instead
of binned values for the sake of simplicity, but similar techniques can be used to
compare binned values to binned values in other embodiments of the present

disclosure.

[0062] In the example, the genetic alphabet is made up of only As and Ts, and is
using k-mers with k=3. All 3-mers present in the query sequence are added to the list
of possible seeds. The state machine has a distinct state (each oval) for each possible
substring of the possible seeds ({---, A--, T--, AA-, AT-, TA-}). Arrows show state-
to-state transitions given that the next incoming base is an A or a T. The Mealy FSM
emits on transitions, rather than from states. When a state gains an input that forms a
completed seed, it emits a seed hit and returns to the initial blank state. The entire
machine can be concisely expressed using a transition and emission matrix. The

transition matrix summarizes which state an initial state will transition into given a
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particular input. The emission matrix summarizes what seed hit is emitted from each
state given different inputs (3-mer values) or if no seed is emitted (X values). Scanning
each base in the reference genome amounts to a single lookup from both the transition

and emission matrices.

[0063] Simply, the FSM-based seed scan works as follows. Starting in the null state
("- - -"1in FIG. 6), we read in the bases from the reference database one-at-a-time. As
each base is read in, we move along the corresponding pathway from the initial state
to a new state. Each time the input base takes us along an emitting pathway (pathways
AAT, AAA, ATA, and TAA that return to the {"---"} state in FIG. 6), we report a seed
and continue. This procedure continues for the entire length of the reference genome
and results in a complete list of all seed locations within the reference
genome. Computationally, this procedure requires N lookups from the transition

matrix and emission matrix, where N is the length of the reference genome.

[0064] In some embodiments, the Mealy FSM seed scanning technique is adapted to
work with continuously valued ionic current inputs. In the standard Mealy FSM seed
scanning technique, each entry in a query sequence will have exactly one of the four
possible values {A; C; G; T}. Consequently, what is meant by an “exact match” during
the seed phase in the standard BLAST technique is clear: all letters in the query word
must be identical to those at the reference location for a seed to be reported. The
discrete nature of the DNA sequence also makes the scoring of candidate matches
during the extension phase of the standard BLAST technique straightforward. In the
simplest case, a positive score (i.e. +1) can reward each pair of matched bases in the
alignment and a negative score (i.e. -1) can penalize each pair of mismatched bases.
More generally, the match score between any pair of bases can be expressed concisely

as a 4x4 scoring matrix.

[0065] To extend BLAST to handle current-to-current alignment, the technique is
adapted to handle continuously valued inputs. In some embodiments, the seed-finding
phase is adapted by discretizing the input ionic currents. In such embodiments, the
query signal is binned into a finite number of discrete values, as is the predicted signal
of the reference database. Exact bin-to-bin matches are used for a seed to be reported
in such embodiments. During seed extension, the technique reverts to compare the

continuous (not binned) ionic currents in both the query and the reference. Match
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scores are computed as a rescaling of the z-score between the query and reference

currents, with smaller z-scores yielding more favorable alignment scores:

ig —ir
’ 2 2

[0066] In some embodiments, the continuously valued inputs may be handled in

zZ =

another way. For example, in some embodiments, the seed-finding phase is adapted
by comparing k-mers of the predicted bases of the query signal to k-mers of the
reference database. The comparisons between k-mers are scored on a more complex
scoring matrix than the 4x4 scoring matrix described above. The k-mer scoring matrix
is computed based on how similar or different the ionic current of the query signal
would be to the predicted ionic current of the corresponding k-mer of the reference

database.

[0067] In some embodiments, a bin-free method of seed scanning may be used for
the continuously valued inputs. This technique may also use a Mealy FSM, but with
"fuzzy", rather than deterministic, logic. The query is still binned to give a finite
number of possible seeds and states, but the input from the reference is kept as
continuously-valued. As such, the instantaneous "state" of the FSM is expressed not
as a single state value but rather as a vector of the fractional occupation of all possible
states. Likewise, the "inputs" from the reference database are vectors expressing the
relative input contribution along the different alphabet elements. Seeds are reported

when the build-up occupation of an emission state exceeds some threshold value.

[0068] A simple example in FIG. 7 demonstrates this method for the case of
continuously valued inputs between 0 and 1. In FIG. 7, inputs are now expressed as
continuously valued numbers between 0 and 1. These inputs can be thought of as 2-
vectors with the two entries representing the “fraction” of the input along the 0 or 1
direction. For example, an input = 0.75 is the 2-vector (0,1) = (.25, .75). The
instantaneous state is now expressed as an occupation vector of the fractional weight
present in each of the possible states (upper table). A similar emission vector is tracked
(lower table) and a seed is reported whenever a single component in the emission

vector exceeds the emission threshold. In this example, the emission threshold is 0.75,
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and the seed 000 is reported at the last step, in response to the input sequence 0.125 -
0-0.

[0069] Though either technique may be used, certain advantages may be provided
with the binned method. First, the fuzzy method failed to demonstrate a meaningful
improvement in performance over the binned method. It seems that for the purposes of
finding short, exact seed matches, binning does not appreciably diminish the
information in the signal. Indeed, in many cases seed finding was easier with the
binned method, as in this case we did not require tuning of the emission threshold
parameter, which is strongly sensitive to the seed size and the chosen discretization of

the query signal.

[0070] Secondly, the fuzzy method is considerably more costly in terms of
computation. Rather than a simple lookup at each step in the scan of the database, the
fuzzy method requires a matrix multiplication, where an Nstates X Nstates Size matrix
multiplies the instantaneous state vector in order to progress the scan by a step. For
typical 1iBLAST run parameters, Nstates is well over 500, so this sort of matrix

multiplication is quite cumbersome.

[0071] Returning to FIG. 5, at subroutine block 518, a subroutine is performed
wherein, for each seed location in the reference genome, the BLAST alignment engine
408 extends and evaluates the predicted analog values compared to the analog values
corresponding to the reference genome. A seed extension technique, as described
below, generates a set of candidate alignments, each of which is associated with an
alignment score. The BLAST alignment engine 408 evaluates the set of candidate
alignments based on their alignment scores to determine the confidence that each
candidate represents a meaningful alignment. One or more of these candidate
alignments may then be provided by the BLAST alignment engine 408 as the alignment

for the sequence read .

[0072] In some embodiments, a non-standard Smith-Waterman-style seed extension
method that allows for gapped alignments may be used in both ssSBLAST and iiBLAST
in order to cope with the high rate of insertions and deletions (indels) in nanopore

sequencing data.
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[0073] Inthe simplest seed extension method, each cell (i; j) in the growing alignment
matrix can only be entered via a step from cell (i-1; j-1), corresponding to stepping one
location forward in both the query and the reference. In our gapped alignment method,
each cell can be entered from several initial cells, with each different pathway in
weighted by an associated transition penalty. For each cell, all possible transition
pathways in are scored, and the cell is populated with the best of the several scores.
This gapped alignment strategy is able to handle the indels and poorly measured states

common in nanopore reads.

[0074] FIG. 8 is a schematic drawing that illustrates the simple gapped alignment
seed extension method according to various aspects of the present disclosure. The
gapped alignment technique evaluates multiple possible transitions into a given cell.
Here, M(1, 4) is populated with the maximum score of 6 different potential transitions
in. The A transition is a "hold," where the query position progresses, but the reference
position stays constant. The hold transition pays a penalty Pu in addition to the match
score of query entry 1 and reference entry 4 (S(1, 4)). The B transition is a “step,”
where both the query and reference positions are incremented by 1. There is an
associated penalty Ps along with S(1, 4). The C transition is a “bad,” where we decide
to discard a query entry at the cost Ps. This transition avoids paying the match score
S(1, 4) at the expense of the bad penalty Ps. The D, E, and F transitions are different
size “skips,” where the reference position is incremented by a larger amount than the
query position. These transitions pay a base penalty Pk to initiate a skip, and an
additional penalty Px+ to extend the skip, as well as the match score S(1, 4).
Ultimately, M(1, 4) is populated with the best scoring option.

[0075] One potential downside of the gapped alignment method is that it may
dramatically increase the computational cost of the extension phase. Rather than a
single calculation to fill each cell as in the ungapped alignment method, this technique
may use a calculation for each potential path in. Furthermore, a larger swath of the
alignment matrix is explored, as the gapped alignment makes more cells conceivably

reachable.

[0076] To cope with the computational cost and prevent it becoming intractable,
embodiments of the present disclosure may use a windowed extension method with a

finite lookout distance. As the extension proceeds, at each extension step a new row
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and column are added to the alignment matrix. Rather than filling all of the newly
added cells, the windowed method fills only those cells within a fixed lookout distance
of the best scoring cell in the previously added row and column. This lookout cutoff
prevents the computation time from blowing up as the extension gets long and the
corresponding alignment matrix gets large. Instead of each subsequent extension
adding linearly more cells to fill, the number of cells to fill now plateaus at a reasonable

value, allowing extension to proceed in a tolerable time.

[0077] FIG. 9 is a schematic drawing that illustrates the windowed extension
technique according to various aspects of the present disclosure. The existing 5x5
alignment matrix (shaded, empty cells) is extended by adding a new row and column.
Of the newly added cells, only those within the lookout distance of the best scoring
cell in the outer rank of the 5x5 matrix (shaded cell marked with a star) are to be filled.
Red arrows show what constitute steps of distance 1. In the case of a lookout distance
of 4, the shaded cells in the newly added cells would be filled while the white cells
would be left unfilled.

[0078] In light of the windowed extension technique, FIG. 10 and FIG. 11 are a
pseudocode listing of a technique for seed extension according to various aspects of
the present disclosure. The illustrated technique may be used for both iiIBLAST and
ssBLAST, and extends seeds both to the right and to the left.

[0079] The method 500 then proceeds to an end block and terminates.

[0080] FIG. 12 is a block diagram that illustrates aspects of an exemplary computing
device 1200 appropriate for use as a computing device of the present disclosure. While
multiple different types of computing devices were discussed above, the exemplary
computing device 1200 describes various elements that are common to many different
types of computing devices. While FIG. 12 is described with reference to a computing
device that is implemented as a device on a network, the description below is
applicable to servers, personal computers, mobile phones, smart phones, tablet
computers, embedded computing devices, and other devices that may be used to
implement portions of embodiments of the present disclosure. Some embodiments of
a computing device may be implemented in or may include an application-specific

integrated circuit (ASIC), a field-programmable gate array (FPGA), or other
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customized device. Moreover, those of ordinary skill in the art and others will
recognize that the computing device 1200 may be any one of any number of currently

available or yet to be developed devices.

[0081] In its most basic configuration, the computing device 1200 includes at least
one processor 1202 and a system memory 1204 connected by a communication bus
1206. Depending on the exact configuration and type of device, the system memory
1204 may be volatile or nonvolatile memory, such as read only memory (“ROM”),
random access memory (“RAM”), EEPROM, flash memory, or similar memory
technology. Those of ordinary skill in the art and others will recognize that system
memory 1204 typically stores data and/or program modules that are immediately
accessible to and/or currently being operated on by the processor 1202. In this regard,
the processor 1202 may serve as a computational center of the computing device 1200

by supporting the execution of instructions.

[0082] As further illustrated in FIG. 12, the computing device 1200 may include a
network interface 1210 comprising one or more components for communicating with
other devices over a network. Embodiments of the present disclosure may access basic
services that utilize the network interface 1210 to perform communications using
common network protocols. The network interface 1210 may also include a wireless
network interface configured to communicate via one or more wireless communication
protocols, such as Wi-Fi, 2G, 3G, LTE, WiMAX, Bluetooth, Bluetooth low energy,
and/or the like. As will be appreciated by one of ordinary skill in the art, the network
interface 1210 illustrated in FIG. 12 may represent one or more wireless interfaces or
physical communication interfaces described and illustrated above with respect to

particular components of the computing device 1200.

[0083] Inthe exemplary embodiment depicted in FIG. 12, the computing device 1200
also includes a storage medium 1208. However, services may be accessed using a
computing device that does not include means for persisting data to a local storage
medium. Therefore, the storage medium 1208 depicted in FIG. 12 is represented with
a dashed line to indicate that the storage medium 1208 is optional. In any event, the
storage medium 1208 may be volatile or nonvolatile, removable or nonremovable,

implemented using any technology capable of storing information such as, but not
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limited to, a hard drive, solid state drive, CD ROM, DVD, or other disk storage,

magnetic cassettes, magnetic tape, magnetic disk storage, and/or the like.

[0084] Suitable implementations of computing devices that include a processor 1202,
system memory 1204, communication bus 1206, storage medium 1208, and network
interface 1210 are known and commercially available. For ease of illustration and
because it is not important for an understanding of the claimed subject matter, FIG. 12
does not show some of the typical components of many computing devices. In this
regard, the computing device 1200 may include input devices, such as a keyboard,
keypad, mouse, microphone, touch input device, touch screen, tablet, and/or the
like. Such input devices may be coupled to the computing device 1200 by wired or
wireless connections including RF, infrared, serial, parallel, Bluetooth, Bluetooth low
energy, USB, or other suitable connections protocols using wireless or physical
connections. Similarly, the computing device 1200 may also include output devices
such as a display, speakers, printer, etc. Since these devices are well known in the art,

they are not illustrated or described further herein.
PERFORMANCE EXPERIMENTS

[0085] Performance of the iiBLAST technique was compared against the standard
sequence-based BLAST algorithm. The two techniques were tested on data produced
by the MinION device from Oxford Nanopore Technologies (ONT) (that is, on data

produced using an existing commercial nanopore sequencing device).

[0086] To evaluate the relative performance of a heuristic alignment using ionic
current in place of sequence, we implemented two versions of the BLAST technique
in MATLAB: one (ssBLAST) comparing sequence-to-sequence, the other (i1BLAST)
comparing current-to-current. Both techniques operate as described above, using
Mealy FSMs and windowed Smith-Waterman-style alignment techniques allowing
gaps. Gapped alignment helps to get strong alignments given the high frequency of
insertions and deletions (indels) in typical nanopore reads. Ungapped alignments of
nanopore data quickly encounter an indel and the query and reference get de-

synchronized, leading to a bad alignment.

[0087] With the two versions of BLAST implemented, we evaluated their relative

performance by using both ssBLAST and 1iBLAST to align the same set of nanopore
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reads against a database of reference genomes. For this study, we used nanopore reads
of the M13mpl8 bacteriophage genome from a previously published study using
ONT's MinlON device. Data were downloaded from the European Nucleotide
Archive, accession number ERR739515. The MinlON reads were aligned using both
ssBLAST and iiBLAST against a 30.2 Mb subset of the NCB viral genome database
containing the M13mp18 genome along with the sense and antisense sequences of 565
other viral genomes. To standardize run time, all alignments were run on a desktop
computer with a 12 core Intel® Core™ 17-5820K CPU @ 3.30 GHz with 32 GB RAM.
We ran a total of 1977 reads against the reference database using both algorithms, each
with fixed run parameters. Reads were truncated to a constant 100 nt length to give a

wider variety of read accuracies and to ensure parameter stability.

[0088] For the validation experiment, we ran both iiBLAST and ssBLAST with fixed
parameters. These parameters gave satisfactory performance during pre-run trials, but
were not extensively optimized. A subset of 19 reads of variable read accuracy were
aligned against the reference viral database using a range of values for each of the run
parameters. The parameters producing the best performance for this trial set (in terms
of number of reads aligned and strength of alignment) were used for the full
performance evaluation experiment. Although it is likely that further fine-tuning of the
parameters of both algorithms could moderately improve performance, the alignment
results were qualitatively similar within reasonable choices of the run parameters. The

final parameters we used are shown in FIG. 13. The parameters work as follows.

1. Seed size (w0): number of bases (ssBLAST) or currents (iiIBLAST) making up
the seeds for the first phase of the BLAST algorithm. Typically, BLAST operates
with a larger seed size (12 or 14 is common). However, since seeds are only found
at exact matches, seeds must be smaller for the low accuracy nanopore data. Setting

the seed size too small hurts run time as too many candidate seeds are found.

2. Number of bins (Nbins): the number of bins used to discretize the currents for
the seed phase. Too many bins makes exact matches too rare, while too few can
cause many falsely matched seeds. There is a balance between Nbinsand wOwhich
yields good performance. Bins are chosen to partition the states in the sequence-

to-current model into evenly-populated bins.
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3. Match penalty (pmatch): how much a base-to-base or current-to-current match is
rewarded (positive values) during the seed extension phase of the BLAST
algorithm. In the case of iiIBLAST and its continuously valued signal, matches

between two currents i1 and i2 with variances o7 and g5 are scored as:

i1 — i
SCOTe = Dmatch —
2 2
1/01'1 + 05

4. Mismatch penalty (pmismatch): how much base-to-base mismatch is penalized
(negative values) during the seed extension phase. For iiBLAST, the scores are
calculated as a rescaling of the distance between the currents (see previous),

SO pmatch also sets pmismatch and this second parameter is not needed.

5. Step penalty (ps): how much a forward step transition is penalized (negative
values) during seed extension. A value of zero for the step penalty means that there

is no penalty for a step transition.
6. Skip penalty (px): penalty for initiating a skip during seed extension.

7. Skip extension penalty (pk+): penalty for extending an already-initiated skip

during seed extension.

8. Bad penalty (ps): penalty to completely discard a measured state during seed
extension. This is unimportant to the ssSBLAST algorithm, as a measurement can
only ever simply mismatch with the reference and take the penalty pmismatch, which
is capped. However for iiBLAST, a measurement can in principle be arbitrarily far
from the reference. In this case, it is likely that the measurement was generated by
some other, non-DNA-tranlocation-related phenomenon and is not indicative of the
target DNA sequence. This ps allows for a work around against these nonsense

measurements.

9. Hold penalty (pnold): penalty to match a measured state to the same reference

state as the previous measurement was matched to during seed extension.

10. Longest skip (Kmax): upper limit on the longest skip ahead allowed during seed
extension. This parameter mainly works to improve run time, as calculating longer
skips adds computational requirements while the longer skips are only rarely the

optimal transition.
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11. Lookout (L): sets the lookout window during the seed extension.

12. Max misses (Mmax): maximum number of consecutive seed extensions allowed
while failing to improve on the best alignment score before seed extension is
terminated (see FIG. 11 and FIG. 12). Improves run time by forcing the extension

to end if it is not proving productive.

13. Termination threshold (Twrm): how far the present alignment score during
extension is allowed to fall below the best score observed previously in extension
before extension is terminated. Improves run time by stopping extensions once they

stop generating better scores.

[0089] The validation experiment was conducted using fixed length 100 base reads,
rather than the full length, several thousand base reads typical of nanopore sequencing
data. As discussed above, the use of smaller reads provided a wider range of sample
sequencing accuracies over which to evaluate performance. Additionally, constant
length reads were important for the purposes of this validation for a second reason; we
found that the run parameters leading to good performance for both ssBLAST and
11IBLAST were dependent upon the query length.

[0090] Specifically, the seed size parameter must change for long or short read
lengths. For short reads, typical BLAST seed sizes of around 14 bases do not yield
good results. This is because error-prone sequencing is unlikely to yield 14 consecutive
correctly called bases within a short read. So, for shorter reads, a smaller seed size is

necessary.

[0091] However, small seed sizes (i.e. 7) are not practical for longer read lengths. In
this case, the number of seed words existing within the query read approaches the total
number of possible seed words. The total number of unique seed words for a seed
size wo and an alphabet of size dis given by N=d" . For ssBLAST, dis 4 (the
alphabet is {A; C; G; T}) and for 1iBLAST d is equal to the number of bins used to
partition the currents (Nbvins). S0, as our read lengths grow into the thousands of bases
(or currents), the list of seed words present in the read becomes a significant fraction
of the total possible seed words. For example, a random 5000 base sequence can be
expected to contain 30% of all 7-letter seed words, meaning a seed will be found at

30% of all positions in the reference genome. This density of found seeds is clearly
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too high to be useful, and results in the BLAST algorithm effectively calculating a

complete Smith-Waterman gapped alignment against the reference genome.

[0092] Overall, the important parameter for variable-length reads providing good
performance is the ratio of seed words present in the read to the total number of
possible seed words. This ratio can be increased (reduced) by shortening (lengthening)
the seed size w0 or by reducing (increasing) the number of bins Nbins in the case of

11BLAST.

[0093] Ultimately, the basic BLAST algorithm is not the best approach to error-prone
nanpore data. The best application of this work on current-to-current alignment will be
to integrate it into a nanopore-specific BLAST implementation. In such an integration,
the better identity from current-to-current comparisons will still improve alignments,
while the surrounding architecture should allow smoother application to typical

nanopore data.

[0094] We expect that the ssSBLAST and iiBLAST methods will perform differently
for reads with different accuracies. In the limiting case where read accuracy tends to
100%, the distinction between operating using bases or ionic currents becomes
immaterial. The interesting case is for error-prone reads with less than 100%
sequencing accuracy. Here, we expect iiBLAST to outperform ssBLAST as it avoids

the artificial introduction of errors during base calling.

[0095] The full reads in the test dataset fell within a narrow range of accuracies (90%
of reads were between 59.1% and 68.5% accurate). FIG. 14 is a chart that illustrates
the distribution of accuracies for full MinION reads of M13mp18 in the test dataset.
A distinct population of reads (N = 264) had poor accuracies (the first three columns
on the left) clearly apart from the typical distribution of accuracies. Following the
original authors of the dataset, we attribute these reads to off-target DNA, possibly
from the Escherichia coli in which the M13mp18 was grown up. Of the remaining on-
target reads (N = 893), 90% fall between 59.1% and 68.5% accuracy, with a median
accuracy of 64.5%.

[0096] To explore a wider range of accuracies, we partitioned the longer reads into
100 base subsets which were then aligned against the reference genome database.

These short subset reads allowed us to test the two BLAST methods for read accuracies
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ranging from 50% to 90%. In total, we ran N = 1977 short read subsets against the

reference genome database.

[0097] We binned the results of these alignments by read accuracy and evaluated the
BLAST performance within each bin. To quantify performance, we used the maximum

true positive rate (TPR) provided zero false positive rate (FPR):

TPR = e
TP+ FN
FPR =57 TN

[0098] wherein TP, FP, TN, and FN are the total numbers of true positives, false
positives, true negatives, and false negatives, respectively. This metric tells us, given
reads with a certain accuracy, what fraction of the reads we can expect to align
unambiguously to the correct reference genome. The requirement that the FPR is
ideally zero helps ensure that the BLAST results are useful. The number of off-target
genomes (Nofr) can be large, so even a small FPR can result in the total number of false

positives (= FPR * Nosr) vastly surpassing the number of true positives (= 1).

[0099] The concept with regards to TPR/FPR is that we have the freedom to choose
an acceptance threshold of alignment scores at which we will mark an alignment as
meaningful. If we turn this threshold too low, we will simply accept all the candidates.
At this operational point, we will keep all the true positives (TPR ->1) but also keep
all the false positives (FPR ->1). Conversely, if we crank the threshold too high, we
will reject all candidates. In this case, we will successfully discard all the false
positives (FPR ->0) but simultaneously discard all the true positives (TPR -> 0). If
BLAST is generating useful results, the FPR should fall faster with an increasing
acceptance threshold than does the TPR, allowing us to find a point where the FPR =
0 while the TPR is still nonzero.

[0100] FIG. 15 is a chart that illustrates TPR and FPR variation with respect to an
acceptance threshold in order to select a BLAST operational point. As the acceptance
threshold is tuned from low to high, both the TPR and the FPR fall from 1 to 0. The
FPR falls of faster than the TPR. We choose the BLAST operational point to be the
point where the FPR first reaches 0. The TPR at FPR = 0 (star) is the metric discussed
in FIG. 17.
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[0101] The performance metric of true positive rate provided zero false positive rate
as a function of read accuracy was extracted from the receiver operating characteristics
of the i1IBLAST and ssBLAST algorithms over sets of reads binned by accuracy. The
aligned reads were binned by their sequencing accuracy into 10 bins each spanning a
4% range in accuracy (i.e. 74 -78%). For each set of reads, we varied the acceptance
threshold (how good an alignment score is required to report a match) and plotted the

resulting true positive rate against the resulting false positive rate.

[0102] FIG. 16 includes four charts that illustrate receiver operating characteristics
for different read accuracies. The true positive rate is plotted against the false positive
rate for reads with different accuracies from 86-90% (a); 74-78% (b); 62-66% (c); and
50-54% (d). The square points show the performance of ssBLAST (generally lower
on the y-axis) and the round points show the performance of iiIBLAST (generally
higher on the y-axis). The starred data points mark the true positive rate at zero false

positive rate. The lines connecting the data points are to guide the eye.

[0103] We extracted the TPR value corresponding to FPR = 0 for each set of
accuracies to quantify performance as a function of read accuracy. We looked
specifically at this FPR = 0 point as this performance point best reflects the
requirements of a typical BLAST-based experiment. In a typical experiment, the
reference database will contain almost exclusively off-target genomes, meaning that
we expect an overwhelming number of true negatives. Consequently, even a
miniscule FPR will lead to most matches being false positives. Thus, a useful BLAST

implementation should operate at FPR very close to O to generate useful results.
PERFORMANCE EXPERIMENT RESULTS

[0104] FIG. 17 is a chart that illustrates a comparison of true positive rate as a
function of read accuracy for ssBLAST and iiBLAST techniques. The maximum true
positive rate provided a zero false positive rate is plotted as function of read accuracy
for iiBLAST (circles) and ssBLAST (squares). The dashed lines show TPR = 0 and
TPR = 1, corresponding to no useful performance and perfect performance,
respectively. Reads are binned by their accuracy into bins of width 0.04 (i.e. 62-66%).
The two techniques' performance converges at low and high read accuracies (56% bin,

88% bin), but iiIBLAST performs better for intermediate read accuracies (60% bin to
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84% bin), unambiguously aligning a greater portion of the available reads to the correct

reference genome.

[0105] In addition to measuring the rate of on-target read alignment, we also
evaluated the significance of the alignments produced by both ssBLAST and iiBLAST.
We quantified alignment significance by calculating a p-value for each on-target
alignment based on the alignment's score against the distribution of scores for all off-

target alignments within the database.

[0106] Alignment scores provide a relative ranking between alignments (higher
scores are better), but the actual value of the score is not inherently statistically
meaningful. The value of the alignment score is a function of the parameters used in
the alignment algorithm and is not comparable to any alignment generated using
different parameters. For example, the scores from iiIBLAST and ssBLAST alignments
cannot be directly compared, as alignment in the two algorithms uses different score

parameters.

[0107] To compare alignment quality across algorithms, we need to assign a
statistical significance to the alignment based on the score. We can do this by
comparing the candidate alignment score against the distribution of scores observed
for off-target alignments. We expect off-target scores to increase with increasing size
of the off-target genome, as a longer genome provides more opportunities for a high
scoring random alignment. Indeed, we observe that off-target scores increase

logarithmically with genome length.

[0108] FIG. 18 includes two charts that show a length correction for alignment scores
according to various aspects of the present disclosure. For each off-target reference
genome, the mean best alignment score over all reads is plotted against the length of
the genome in nucleotides (charted points). Both ssBLAST (chart (a)) and 1iBLAST
(chart (b)) scores show a logarithmic dependence on the reference genome length
(diagonal lines). The vertical dashed lines show the M13mp18 genome length (7249
bp). An alignment score to a differently sized genome (the unfilled red star) is shifted
along the logarithmic fit to a corrected score for the M13mp18 genome length (filled

red star).
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[0109] For all of the reads, we took the best alignment score to each off-target
reference genome and used the genome length correction function to bring all scores
to the reference length of M13mp18. This provides us an empirical distribution of
scores for random alignments. FIG. 19 includes two charts that illustrate conversion
of alignment scores to p-values according to various aspects of the present disclosure.

We fit an extreme value distribution, expressed by the equation:

(sl @) = o-1e(F) el

[0110] to the tail of the distribution of off-target alignment scores (gray columns) for
both ssBLAST (a) and iiBLAST (b). An alignment score s+ is converted to a p-value
by integrating the fit distribution from s+ to +[infinity] (shaded region). The

histograms are pdf-normalized and displayed on a log y-scale.

[0111] Using this fit, we can calculate the probability that a given alignment score s+

was generated by an alignment of a random sequence to the reference genome by:

+00
prandom(s*) = f f(slﬂr 0) ds
Sx

[0112] where fis defined by the extreme value distribution equation above, and [u]

and [d] are specific to the technique used to generate the alignment.

[0113] This prandom is the p-value for the alignment, and can be interpreted as a
statement about how large of a reference database the read could be aligned against
before a false positive alignment would be likely to generate a better score. For
example, a p-value of 10™ means that a random alignment to a 7249 bp reference
genome will generate a better score once in 10,000 times. Therefore, this read could
be aligned against a database of 72.49 Mb before we are likely to see a false positive

outscoring the on-target alignment:

. _ Sizeyizmp1s
Slzedatabase -
Prandom

[0114] Alignments with p-values below 1071 are good enough that they should align
unambiguously against the 2.9 Tb database of all known genomes in the NCBI

database.
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[0115] FIG. 21 is a chart that illustrates the the p-value comparison results between
ssBLAST and iiBLAST. Each on-target read in the validation experiment is plotted as
a single point at the p-value of the read's alignment using ssBLAST (x-axis) and its p-
value using 1iBLAST (y-axis), color coded by the read's sequencing accuracy (color
bar). The diagonal line shows x =y, representing where the two techniques yield
equally strong alignments. Points below the line represent reads where 1iBLAST
produced a stronger alignment. Points above the line represent reads where ssBLAST

gave a stronger alignment.

[0116] Comparing the p-values of on-target alignments generated by ssBLAST and
i1IBLAST, we find that the alignment p-values are consistently several orders of
magnitude smaller (better) using iiBLAST than ssBLAST. Furthermore, the iiBLAST
method generates stronger alignments than ssBLAST across all read accuracies tested.
Consequently, although both methods had a 100% true positive rate for the high
accuracy reads (86-90%) in our test set against our trial database, iIBLAST would
continue to outperform ssBLAST if the search were expanded to include a larger

reference database.

[0117] Over the 1977 reads aligned in this study, the mean run time for iiBLAST was
394 seconds and the mean run time for ssBLAST was 1807 seconds. The improvement
in run time for iiIBLAST over ssBLAST is attributable entirely to spending less time
on seed extension. In general, the seeds found during the scan phase were higher
quality for iiBLAST than ssBLAST, meaning that a lower percentage of the candidate
seeds led to uninteresting final alignments. So, ssBLAST spent much more time
extending seeds into ultimately discarded alignments. Overall, the extension phase
makes up nearly all of the computational burden. For iiBLAST, extension made up
99.8% of the total run time, with the next most costly step being the scan phase at 0.1%
of the total. For ssBLAST, extension was 98.9% of total run time, with scanning taking
up most of the reminder at 1.1%. The scanning phase was somewhat slower for
ssBLAST as more seeds were found, and the computational cost to record a found seed
was consequently larger than for iiBLAST. A complete accounting of the average per-
read time spent during the various phases of the BLAST algorithm can be found in

FIG. 20.
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CONCLUSION

[0118] We've shown that by implementing a version of the BLAST algorithm that
makes current-to-current, rather than sequence-to-sequence, comparisons between
nanopore reads and reference genomes, we are able to dramatically improve the
performance of the BLAST search for error-prone nanopore sequencing reads. The
next steps of scaling and integrating this technique bear discussion, as do the potential

implications of this new method on the future of nanopore sequencing.

[0119] We conducted our validation experiment using a relatively small reference
database. Using a small reference allowed us to test many reads using both ssBLAST
and 11IBLAST using limited computing power and without extensively optimizing our
code for parallelization. However, the results from this experiment are extensible to
applications using much larger references. The primary concerns with scaling to a
larger reference are keeping the false positive rate low and managing the computation

time.

[0120] For larger reference databases, more high-scoring false positives will arise as
there are more chances for random matches to occur. However, 1iBLAST's stronger
alignment p-values indicate that the current-to-current method is better suited to large
searches (FIG. 21). Based on the p-value results, we expect iiIBLAST will outperform
ssBLAST on larger databases, even at higher read accuracies where the two methods
both generated 100% true positive rates during the validation experiment (FIG. 17).
The orders-of-magnitude improvement in alignment significance indicates that
i1IBLAST queries will return useful, false-positive-free results against reference

databases orders-of-magnitude larger than would be searchable using ssBLAST.

[0121] It is important that current-to-current comparison not dramatically add to the
computational burden of the BLAST algorithm. In terms of computational complexity,
both the seed and extension phases of the 1IBLAST implementation are identical to
those of ssSBLAST. As discussed above, both approaches use a Mealy finite state
machine to scan the reference database for seeds in O(N) time (N is the size of the
reference database). Likewise, both approaches use similar gapped alignment
techniques requiring O(M * L) time (Mis the number of extensions prior to

terminating the alignment; L is the window lookout distance). The iiIBLAST method
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does require the additional computational step of predicting the signal for the reference
sequences. However, the prediction only takes O(N) time (N again the size of the
reference database), and only needs to be done once for a given reference genome.
Once made, the prediction can be stored along with the sequence in the reference
database for future use. Overall, iiIBLAST aligned reads over 4 times faster than
ssBLAST (FIG. 20). The improved run time is due to better efficiency in finding good
seeds rather than any difference in the intrinsic computational load of the two
algorithms. The 1iIBLAST method found fewer bad seeds that led to uninteresting

alignments and thus saved time during seed extension.

[0122] Looking forward, the current-to-current method may also be useful by
integrating it into a more sophisticated heuristic alignment technique better suited to
long, error-prone sequencing data than the standard BLAST algorithm. Such an
implementation will harness the improved read-to-reference identity offered by
current-to-current alignment within the architecture of a technique specifically
designed to handle the unique aspects of nanopore sequencing data. The dramatic
improvement in performance achieved by using current-to-current instead of sequence-
to-sequence alignment has myriad implications for both the present and future

applications of nanopore sequencing.

[0123] Immediately, our ability to generate strong, unambiguous alignments with low
accuracy reads will increase the effective throughput in BLAST-based nanopore
sequencing experiments. Fewer reads will fail to align due to low accuracy, making a
better fraction of the sequencing data useful to the researcher. It is particularly worth
noting that 1iIBLAST consistently generates good results for reads in the 70-80%
accuracy range{the typical accuracy range for 1D nanopore reads (in which only one
strand of the DNA is read through the pore). In comparison, ssBLAST can only
achieve similar results for reads well above 80%--above the accuracy of most 1D reads
and typical only of 2D reads (in which both strands are read one after the other, then
combined into a single, higher accuracy sequence). The 1iBLAST method's better
tolerance for low accuracy reads thus makes 1D reads substantially more useful and
reduces the need for 2D reads which are necessarily only half as fast (as both strands
must be read). By improving nanopore sequencing's effective throughput by increasing

the fraction of usable reads, iBLAST can reduce sample-to-answer timelines, input
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sample requirements, and sequencing costs. Effectively, the iiIBLAST method can

increase the speed and decrease the cost of nanopore sequencing.

[0124] The power of the current-to-current comparison method is not limited to
improving only BLAST-based nanopore sequencing applications. The same
fundamental method can improve nanopore sequencing's ability to perform various

other sequencing tasks, including variant detection and epigenetic mapping.

[0125] Looking forward, the ability to use low accuracy reads for BLAST-based
sequencing experiments offers an alternative way forward for nanopore sequencing to
make an impact on the larger sequencing community. To date, many efforts to improve
nanopore sequencing have focused on improving raw single-read sequencing accuracy.
This work shows that, while improved sequencing accuracy is certainly important,
much more can be done with the currently-available low accuracy reads than was
previously believed. A future nanopore sequencing device sacrificing sequencing
accuracy for lower cost, faster turnaround time, improved portability, and better
throughput could prove useful for clinicians and researchers interested in BLAST-

based applications.

[0126] The particulars shown herein are by way of example and for purposes of
illustrative discussion of the preferred embodiments of the present invention only and
are presented in the cause of providing what is believed to be the most useful and
readily understood description of the principles and conceptual aspects of various
embodiments of the invention. In this regard, no attempt is made to show structural
details of the invention in more detail than is necessary for the fundamental
understanding of the invention, the description taken with the drawings and/or
examples making apparent to those skilled in the art how the several forms of the
invention may be embodied in practice.

[0127] As used herein and unless otherwise indicated, the terms “a” and “an” are
taken to mean “one”, “at least one” or “one or more”. Unless otherwise required by
context, singular terms used herein shall include pluralities and plural terms shall

include the singular.

[0128] Unless the context clearly requires otherwise, throughout the description and

the claims, the words ‘comprise’, ‘comprising’, and the like are to be construed in an
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inclusive sense as opposed to an exclusive or exhaustive sense; that is to say, in the
sense of “including, but not limited to”. Words using the singular or plural number
also include the plural and singular number, respectively. Additionally, the words

2

“herein,” “above,” and “below” and words of similar import, when used in this
application, shall refer to this application as a whole and not to any particular portions

of the application.

[0129] The description of embodiments of the disclosure is not intended to be
exhaustive or to limit the disclosure to the precise form disclosed. While the specific
embodiments of, and examples for, the disclosure are described herein for illustrative
purposes, various equivalent modifications are possible within the scope of the

disclosure, as those skilled in the relevant art will recognize.

[0130] All of the references cited herein are incorporated by reference. Aspects of
the disclosure can be modified, if necessary, to employ the systems, functions, and
concepts of the above references and application to provide yet further embodiments
of the disclosure. These and other changes can be made to the disclosure in light of

the detailed description.

[0131] Specific elements of any foregoing embodiments can be combined or
substituted for elements in other embodiments. Moreover, the inclusion of specific
elements in at least some of these embodiments may be optional, wherein further
embodiments may include one or more embodiments that specifically exclude one or
more of these specific elements. Furthermore, while advantages associated with
certain embodiments of the disclosure have been described in the context of these
embodiments, other embodiments may also exhibit such advantages, and not all
embodiments need necessarily exhibit such advantages to fall within the scope of the

disclosure.
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CLAIMS

What is claimed is:

1. A computer-implemented method for aligning genetic sequence reads to a
reference genome, the method comprising:

receiving, by a computing system, a sequence read generated by a sequencing
device;

converting, by the computing system, the sequence read to a series of predicted
analog values that would be generated by the sequencing device for the sequence read;
and

aligning, by the computing system, the series of predicted analog values to a

reference genome.

2. The computer-implemented method of claim 1, wherein aligning the series of
predicted analog values to the reference genome includes aligning the series of

predicted analog values to analog values associated with the reference genome.

3. The computer-implemented method of claim 2, wherein aligning the series of
predicted analog values to analog values associated with the reference genome includes
performing an analog-to-analog Basic Local Alignment Search Tool (BLAST)

alignment technique.

4. The computer-implemented method of claim 3, wherein the analog-to-analog

BLAST alignment technique includes binning the predicted analog values.

5. The computer-implemented method of claim 4, wherein a scan step of the
analog-to-analog BLAST alignment technique includes comparing bins of the
predicted analog values to bins of the analog values associated with the reference

genome.

6. The computer-implemented method of claim 4, wherein binning the predicted
analog values includes placing the predicted analog values into a plurality of bins

determined based on a size of a k-mer to be used.
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7. The computer-implemented method of claim 6, wherein the k-mer to be used
has a k of 5, and wherein the plurality of bins determined based on the size of the k-

mer to be used includes 1024 bins.

8. The computer-implemented method of claim 4, wherein performing the analog-
to-analog BLAST alignment technique includes scanning for seeds of a size

determined based on the number of bins.

9. The computer-implemented method of claim 4, wherein performing an extend
step of the BLAST alignment technique includes comparing un-binned predicted

analog values to analog values associated with the reference genome.

10.  The computer-implemented method of any of claims 2-9, further comprising
generating the analog values associated with the reference genome based on sequence

values for the reference genome.

11.  The computer-implemented method of any of claims 1-10, wherein the
sequencing device is a nanopore sequencing device, and wherein the series of predicted

analog values is a series of predicted ionic current values.

12.  The computer-implemented method of any of claims 1-10, wherein the
sequencing device is a single molecule real time (SMRT) sequencing device, and

wherein the series of predicted analog values is a series of dye fluorescence values.

13.  The computer-implemented method of any of claims 1-10, wherein the
sequencing device is an optical mapping sequencing device, and wherein the series of

predicted analog values is a series of fluorochrome labeling values.

14. A non-transitory computer-readable medium having computer-executable
instructions stored thereon that, in response to execution by one or more processors of
a computing system, cause the computing system to perform a method as recited in

any of claim 1 to claim 13.

15. A computing system that includes at least one computing device having at least
one processor and at least one non-transitory computer-readable medium, wherein the

at least one computer-readable medium has instructions stored thereon that, in response
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to execution by the at least one processor of the at least one computing device, cause

the computing system to perform a method as recited in any of claim 1 to claim 13.

16. A computer-implemented method of finding an analog query pattern in a set of
analog reference data, the method comprising:

generating, by a computing system, a set of binned query values based on the
analog query pattern;

determining, by the computing system, a seed value based on the set of binned
query values;

searching, by the computing system, for the seed value in the set of analog
reference data;

for each location in the set of analog reference data in which the seed value is
found, extending, by the computing system, the seed value into a candidate result; and

evaluating, by the computing system, the candidate results to determine

confidence values that each candidate result represents a true result.

17.  The computer-implemented method of claim 16, wherein searching for the seed
value in the set of analog reference data includes comparing binned query values of

the seed value to binned values associated with the analog reference data.

18.  The computer-implemented method of claim 17, wherein extending the seed
value into a candidate result includes comparing analog values of the analog query

pattern to analog values of the set of analog reference data.

19.  The computer-implemented method of claim 16, wherein the analog query
pattern includes a predicted analog query pattern, and wherein the method further
comprises generating the predicted analog query pattern based on a discrete value

query pattern.

20.  The computer-implemented method of claim 19, wherein the discrete value
query pattern is a nanopore sequence read, and wherein the predicted analog query

pattern is a series of predicted ionic current values.

21.  The computer-implemented method of claim 20, wherein the set of analog

reference data is based on a reference genome.
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22. A non-transitory computer-readable medium having computer-executable
instructions stored thereon that, in response to execution by one or more processors of
a computing system, cause the computing system to perform a method as recited in

any of claim 16 to claim 21.

23. A computing system comprising at least one computing device that includes at
least one processor and a non-transitory computer-readable medium having computer-
executable instructions stored thereon that, in response to execution by the at least one
processor, cause the computing system to perform a method as recited in any of claim

16 to claim 21.

24, A computer-implemented method for aligning genetic sequence reads to a
reference genome, the method comprising:
receiving, by a computing system, a sequence read generated by a sequencing
device; and
aligning, by the computing system, the sequence read to a reference genome;
wherein aligning the sequence read to the reference genome includes:
scanning the reference genome for one or more seeds based on the
sequence read; and
extending the one or more seeds to generate one or more candidate
alignments, wherein each candidate alignment includes an alignment score; and
wherein at least one of the scanning of the reference genome and the extending
of the one or more seeds is based on a series of predicted analog values associated with

the sequence read .

25.  The computer-implemented method of claim 24, wherein scanning the

reference genome for one or more seeds based on the sequence read includes:
comparing k-mers of the sequence read to k-mers of the reference genome,

wherein values of a scoring matrix used to compare the k-mers are based on similarities

of predicted analog values associated with the k-mers.

26.  The computer-implemented method of claim 24, wherein scanning the

reference genome for one or more seeds based on the sequence read includes:
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generating a series of predicted analog values associated with the sequence read
and a series of predicted analog values associated with the reference genome;

binning the predicted analog values; and

comparing the binned series of predicted analog values associated with the
sequence read to the binned series of predicted analog values associated with the

reference genome.

27.  The computer-implemented method of any of claims 24-26, wherein extending
the one or more seeds to generate one or more candidate alignments includes using a

gapped alignment technique.

28.  The computer-implemented method of claim 27, wherein the gapped alignment

technique uses a windowed extension method with a finite lookout distance.

29. A non-transitory computer-readable medium having computer-executable
instructions stored thereon that, in response to execution by one or more processors of
a computing system, cause the computing system to perform a method as recited in

any of claim 24 to claim 28.

30. A computing system comprising at least one computing device that includes at
least one processor and a non-transitory computer-readable medium having computer-
executable instructions stored thereon that, in response to execution by the at least one
processor, cause the computing system to perform a method as recited in any of claim

24 to claim 28.
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