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SEQUENCING METHOD AND APPARATUS

Background of the Invention

[0001] The present invention relates to a method and apparatus for sequencing a nucleie acid
molecule, and in one example, to a method and apparatus for improving the sequencing read

length of a sequencing device ar sequencing technigue.

Description of the Prior Art

[0002] The reference in this specification to any prior publication {(or information derived
from i}, or to any matter which is known. is not, and shouold not be taken as an
acknowledgment or admission or any form of suggestion that the prior publication (or
mformation derived from i) or known matter {orms part of the comumon general knowledge

in the field of endeavour to which this specification relates.

[0003] Nucleic acid sequencing s the process of delermining a sequence representing the
order of nucleotides or bases within a nucleic acid molecule, such as DNA, RNA or the like.
A number of different sequencing techniques are known, and examples of these and the
associated implementing technologies are described in “Landscape of Next-Generation
Seguencing Technologies” by Thomas P. Niedringhaus, Denitsa Milanova, Matthew B.

Kerby, Michael P. Snvder, and Anunelise E. Barron tn Anal. Chem. 2011, 83, 4327-4341.

[0064] A limitation of most current generation sequencing machines is that of a limited read
length, corresponding to the number of bases of a nucleic acid molecule that can be
sequenced. For example, the Hiomina HiSeq 2000 can only sequence approximately 150
bases, and whilst devices capable of sequencing greater read lengths exist, these tend to be

significantly more complex, expensive and time consuming to rus.

Summary of the Present Invention

[0005] 1n a first broad form the present invention secks to provide a method of sequencing at
least one template nucleic acid molecule, the method including:
ay differentially digesting a number of copies of the at least one template molecule to

thercby generate digested template molecules, at least some of the digestad
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templaie molecules having different numbers of nucleotides removed from at least
one end of the template molecule;

b) sequencing at least part of the digested template wolecules to generate reads
representing the sequence content of at least an end portion of the digested
teroplale molecules; and,

¢} generating a consensus sequence for the at least one template molecule using

overlaps between the reads.

[0006] Typically at least some of the digested template molecules have nucleotides removed
from each end and wherein the method includes sequencing at least part of either end of the

digested template molecules.

[0067] Typically the method includes differentially digesting copies of the at least one

templaie molecule using at least one nucledse enzyme.

[0008] Typically the enzyme 1s at least one of:
a) Exonuclease III;
b) Mung Bean Nuclease;
¢} S1 Nuclease; and,

d) Bal3l.

[000Y] Tvpically the method includes differentially digesting copics of the at least one
templaie molecule by controlling at least one of;

a) adigestion time;

b) adigestion rate;

c) adigestion temperature;

d) anuclease cnzyme concentration; and,

¢) anuclease cnzyme type.

[0018] Typically the method includes creating a plurality of collections of digested teniplate
molecules, the copies of the template molecules in a given collection being digested under
similar conditions so that the digested template molecules in a collection have a sumilar

number of nucleotides removed from at least one end, whilst digested template molecules in
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different ones of the plurality of collections have substantially different numbers of

nucleotides removed {from at least one end,

{0011] Typically the method includes:
a) amplifying the at least one template molecale (o generate copies of the at least ope
template molecule;
b) creating a plurality of collections, each collection including copies of the at least
one template molecuole; and,
¢) digesting the copies of the at least one template molecule in cach collection
differentially, so that ecach collection contains respective digested template

molecules.

[0012] Typically the method includes sequencing at least part of at least one end of digested

template molecules in each collection to defermine at least one read for each collection.

[0013] Typically the method includes sequencing at least part of each end of the digested

template molecules in each callection.

[0014] Typically the method includes:
a) identifying overlaps between reads of different collections: and,

b) using the reads and overlaps to generate the consensus sequence.

[0015] Typically the method includes:
a) creating each collection by digesting copies of multiple different template
miolecules;
b) sequencing at least some of the digested template molecnles in each collection;
and,
¢} gencrating a respective consensus sequence for at least some of the multiple

different template molecules.

[0016] Typically the method includes creating cach collection from 4 desired distribution of

copies of multiple different template molecules.

[0017] Typically the method inclades:

a) obtaining a desired distribution of the nmltiple different template molecules:
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amplifying the desired disinbution of wultiple different template molecules to
generate a number of copies of each of the multiple different template molecules;
and,

creating a plurality of collections, each collection including a subset of the

number of copies of cach of the multiple dilferent template molecules.

[0018] Typically the method includes:

a)

b)

adding a respective label to the digested template molecunles in each collection;
and,
determining the consensus sequence at least partially in accordance with the

respective labels.

[0019] Typically the method includes determining overlaps between the reads in different

collections using the labels.

[0024] Typically cach collection represents a respective tier in a sequence higrarchy, the

template molecules in adjacent tiers being progressively digested.

[0021] Typically, for multiple different template molecules, the method includes:

®)
b)
¢)

d)

selecting reads for a next tier using the labels;

determining overlapping k-mers for each read;

comparing the k-mers to k-mers of reads from previous tiers to determine inter-
tier overlapping reads; and,

using the inter-tier overlapping reads to generate a consensus sequence tor each of

the multiple different template molecules.

[0022] Typically the method includes:

a)
b)

dividing the reads from a tier into multiple streams; and,

processing cach stream independently.

[0023] Typically the method includes:

4)

comparing the k-mers to k-mers of previous tiers to determine inter-tier

averlapping k-mers;
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b} using the inter-tier overlapping k-mers fo determine potential inter-lier
overlapping reads; and,
¢} using the potential inter-tier overlapping reads to determine the inter-tier

overlapping reads.

[0024] Typically, the method includes:
ay calculating a distribution of insert lengths of reads in each tier; and,

b} filtering inter-tier overlapping reads using the distribution of insert lengths.

[0025] Typically. the method includes:
a) determining subgroups of inter-tier overlapping reads; and,
b) gzencrating consensus sequences of at least some of the multiple different template

molecules using the subgroups of inter-tier overlapping reads.

[0026] Typically the method includes, in an electronic processing device:
a) determning read data indicative of the reads; and,

b} using the read data to generate the consensus sequence.

[0027] Typically the method includes, in the electronic processing device, receiving the read

data from a sequencing device.

[0028] Typically the method includes, in the electromic processing device:
a) generaling an indication of the consensus sequence; and,

by causing an indication of the consensus sequence to be displayed.

[0029] In a sccond broad form the present invention seeks to provide apparatus for
generating a consensus sequence representing a sequence of at least one template nucleic acid
molecule, the apparatus including an electronic processing device that:

a) determines read data indicative of reads, the reads representing the sequence
content of at least an end portion of digested template molecules, the digested
teraplate molecules being obtained by differentially digesting a number of copies
of at least one template molecule so that at least some of the digested template
malecules have different numbers of nucleotides removed from at least one end of

the at least one template molecule; and,
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uses the read data to generate comsensus sequence data representing the consensus

sequence,

[0030] Typically the electronic processing device:

a)
b)

determines overlapping k-mers for each read;

compares the k-mers to k-nters of reads from previous tiers to determine inter-tier
overlapping reads; and,

uses the inter-tier overlapping reads to generate a consensus sequence for each of

the multiple different template molecules.

{0031] Typically the apparatus includes multiple electronic processing devices, and wherein

reads for a next ter are dividing into multiple streams and each electronic processing device

processes
a)

b}

a respective stream by:

determining overlapping k-mers for each read in the streamy; and,
comparing the k-mers to k-mers of reads from previous tiers to determine

potential inter-tier overlapping reads.

[0032] In a third broad form the present invention secks to provide a method of sequencing at

least one template nucleic acid molecule, the method including:

a)

b}

<)

d)

creating a plurality of collections, cach collection including a desived distribution
of copies of multiple different template molecules;

differentially digesting the copies of the multiple different template molecules in
each collection to thereby generate digested template molecules, at least some of
the digested template molecules having different numbers of nuclentides removed
from at least one end of the multiple template mwolecules;

sequencing at least part of the digested template molecules to generate reads

representing the sequence content of at least an end portion of the digested

template molecules; and,
generating a consensus sequence for at least some of the multiple different

templale molecules.
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[0033] In a lourth broad form the present invention seeks to provide apparatus for generating
a consensus sequence representing a sequence of at least some of multiple ditferent template
nucleic acid molecules, the apparatus including an electronic processing device that:

a) determines read data indicative of reads, the reads representing the sequence
content of at least an end portion of digested lemplale molecules, the digested
template molecules being obtained by differentially digesting a number of copies
of multiple template molecules so that at least some of the digested template
molecules have different numbers of nucleotides removed from at least one end of
the multiple template molecules; and,

b} uses the read data to generate consensus sequence data representing a consensus

sequence for at least some of the multiple different template molecules,

Brief Description of the Drawings

[0034] An cxample of the present invention will now be described with reference (o the
accompanying drawings, in which: -

[0035] Figure 1 is 4 flow chart of an example of a method for sequencing a template nucleic
acid molecule;

[0036] Figures 2A to 2E are schematic diagrams of example nucleic acid sequences for the
method of Figure 1;

[0037] Figure 3 is a flow chart of a second example of a method for sequencing a template
nucleic acid molecule;

[0038] Figures 4A to 4C are a flow chart of a specific example of a method for sequencing
multiple template DNA fragments;

[0039] Figure 4D shows graphs of examples of the sequence lengths of the digested template
molecules;

[0040] Figurcs 5A and 5B are a How chart of g specific example of a method for using an
overlap graph to construct a consensus sequence for the method of Figures 4A and 4B;
[0041] Figure 5C is a schematic diagram illustrating the comparison of k-mers in the process
of Figures SA and 5B:

[0042] Figure 5D is a schematic diagram illustrating the calculation of a tier insert length in

the process of Figures SA and 5B;
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[0043] Figure SE is a schematic diagram jllustrating the determination of paired inter-tier
overlaps in the process of Figures SA and 5B; and,
[0044] Figure 6 is a schematic diagram of an example of apparatus for use in a method

sequencing a nocleic acid molecule.

Detailed Description of the Preferred Embodiments

[0045] For the purpose of illustration i the lollowing examples, reference is made to the
following terms. The term “nucleic acid wmolecule™ or “polynucleotide™ as used herecin
includes, but is not limited to mRNA, RNA, ¢cRNA, ¢cDNA or DNA, or the like. The ferm
typically refers to a polymeric form of nucleotides of at least 10 bases in length, either
ribonueleotides or deoxynucleotides or a modified form of either type of nucleotide. The term

includes single and double stranded forms of DNA or RNA.

[0046] A “template” or "template molecule” refers to a nucleic acid molecule and/or
fragment of a nucleic acid molecule whose sequence 1s of interest and is to be determined.
The term is intended to cover nucleic acid molecnles with or without added adaptors or

labels, which may be required for sequencing. amplification or other process steps.

[0047] The term "digested template molecule” is intended to cover a template molecule that
has undergone a digestion step to remove nucleotides therefrom. In this regard, the term is
also intended to cover template nwolecules that have undergone null digestion and remain

tatact, as will be apparent [rom the following description.

[0048] A "collection” refers to a group of nucleic acid molecules corresponding o one or
more template molecules, which undergo a common digestion process (including no
digestion). A "tier” refers to a group or collection of nucleic acid molecules forming part of 4
hierarchy 1n which adjacent tiers have undergone progressive (increasing or decreasing)
amounts of digestion.

[0049] A "read" is the output from a sequencing machine representing a nucleotide sequence
ol a sequenced molecule. "Tosert size” or "insert length” refers to a length of a nucleic acid
molecule that has been sequenced and "consensus sequence” is a sequence determined for a

respective template molecule.
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[0030] The use of the above terms is {or the purpose of lustration only and i3 not intended

to be limiting.

[0051] An example of a process for sequencing a nucleic acid molecule will now be

described reference to Figures 1 and 2A to 2E.

{0052] In this example, at step 100, the method inclodes differentially digesting a number of
copies of at least one templdte molecule to thercby generate digested template molecules, at
least some of the digested template molecules having different nombers of nucleotides
removed from at least one end of the template molecnle. This can be achieved in any suitable
manner, such as digesting template molecules using a nuclease enzyme or the like, as will be

described in more detall below.

[0053] This step 15 used to creaie digested template molecoles having different lengths
representing overlapping portions of the original nucleic acid molecule. In one example, the
digested emplate molecnples of different fengths represent respective tiers in a Ricrarchy, with
sequences obtained from: different tiers being used in establishing g consensus sequence, as

will be desceribed 1n more detail below,

[0054] By way of an example, three copies of a template nucleic acid molecule 201, 202, 203
are shown in Figure ZA, with examples of corresponding differentially digested template
maolecules being shown in Figure 2B. In this example, the template molecule 201 undergoes
no digestion, whilst four and eight nucleotides are digested [rom each end of the template
molecules 202, 203, respectively.  The removal of four and eight nucleotides is for the
purpose of illustration only and is not intended 1o be Hmiling. In practice the number of
nucleotides that are removed will depend on a range of factors, such as the length of the
nocleic acid molecule, the read length of the sequencing device used toe perform the
sequencing, the number of collections or tiers, or the like, as will be described in more detail
below. Typically the number of nucleotides digested will be in the region of tens or hundreds
depending on the preferred implementation. Farthermore, although digestion of both ends of
the molecules is shown, this is not essential and altematively digestion can be performed on
the 3' or 5" end only, and also can be performed asymmetrically, depending on the manner in

which digestion is perfarmed.
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[0035] At step 110, the method includes sequencing the digested template molecules to
generate reads representing the sequence content of at least an end portion of the digested
template molecules. This may be achieved in any suitable manner and typically involves
using existing sequencing techniques optionally implemented using existing sequencing

devices, to thereby read the ends of the differentially digested template molecules.

[0056] Examples of the generated reads are shown in Figure 2C, with the digested template
molecules being read from each end to generate reads shown in bold lettering at 201.1, 201.2,
202.1, 202.2, 203.1, 203.2, Thus, it will be appreciated that typically a plurality of digested
template molecules for cach tier in the hierarchy are sequenced, with different digested
template molecules being sequenced from different ends, as will be appreciated by persons

skilled in the art.

[0057] 1t will further be appreciated that the number of nucleotides that can be sequenced
will depend on the read length of the sequencing device. Accordingly, whilst eight
nucleotides from the end of each digested nucleic acid molecule are shown as being
sequenced, this is for illustration only, and in practice the number of nucleotides would more
typically be in the region of tens or hundreds of bases, depending on the nature of the

sequencing device and/or sequencing technique used.

[0058] At step 120, the method includes generating a consensus seqguence of the template
molecule using overlaps between the reads. In this regard, it will be appreciated that the
reads 201.1. 201.2, 202.1, 202.2, 203.1, 203.2 can be aligned as shown in Figare 2D, to
thereby generate the consensus sequence 204 shown in Figure 2E. This is typically achieved
by petforming a mathematical analysis of the reads oblained from the sequencing device at
step 110, for example by using a modified overlap-fayout-consensus assembly algorithm, or

other suitable technique.

[0059] Accordingly, the above described process describes an approach in which a number
of copies of a nucleic acid molecule are differentially digested to create digested template
molecules having different lengths, and representing different overlapping portions of a
teraplate molecule to be sequenced. In particular, differentially digesting cnds of the copies

of the digested template molecules allows ends of the digested template molecules ta be
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sequenced to generate reads that correspond (o a vartety of different locations within the
original template molecule. These reads can be assembled Into a consensus sequence so that
relatively short length reads can be psed to assemble a consensus sequence of the template
molecule, even if this has a length that is significantly greater than the read length of the

sequencing device,

[0064] Additionally, the above described process can be implemented relatively easily, for
example through appropriate sample preparation involving digestion of copies of a template
molecule, which can be performed by relatively minor meodification of the sample
preparation protocol for a sequencing device. Post-process of read data generated by the
sequencing device can then be performed, for example using a suitable software application
executed by a remete computer system, or by firmware forming part of the sequencing
device. 1t will therefore be appreciated that this process can be used with existing sequencing
equipment, without equipment modification, stmply by performing modified pre-sequencing
sample preparation and post-sequencing read data analysis.  This can therefore be used to

improve the effective read length of existing sequencing techniques and processes.

[0061] Whilst the above described technigue is described with respect to at least one
template molecule, it will be appreciated that in practice the technique is typically performed
on multiple different template molecules simultancously, Thus, for example, the process can
be performed for a sample containing muliiple different nucleic acid molecules, with the
process establishing a respective consensus sequence for each of the different template
molecules. Thus, in one specific example. a DNA molecule or the like can be fragmented
into multiple template molecules, cach of which can be sequenced simuliancously using the
above described techmque. The process can enhance the read length and quality of the
sequence obtained for each of the template molecules, in turn making accurate reconstruction

of the sequence of longer DNA molecule more feasible.

[0062] The number of different template molecules that can be analysed simultanecusly will
depend on a range of factors, such as the length of the template molecules, the read length of
the sequencing device used. the number of nucleotides digested from the template molecules,

the quality of the resulting sequences, or the like. o one example, the different template
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molecules can include several million different templates that can be sequenced

sirultaneously. as will be described in more detail below.
{0063] A number of further features will now be described.

[0064] In one example, at least some of the digested template molecules have mucleotides
removed from each end and wherein the method includes sequencing at least part of either
end of the digested template molecules. Thus, it will be appreciated that this approach can
allow reads taken from either end of the digested template molecnles to be used in generating

the consensus seguence.

[0065] In general, the method involves differentially digesting a number of copies of the
nucleic acid molecule using at least one nuclease enzyme, such as one or more of
Exonuclease I, Mung Bean Nuclease, S1 Nuclease Bal31, Exonuclease T. In one specific
example, Exonuclease I and Mung Bean Nuclease are used in sequence as will be described
m more detail below.  Although any other suitable technigques could be used, the use of a
nuclease enzyme is particularly beneficial as this digests ends of the tenmplate molecules
progressively, allowing the digestion process to be highly controlled. For example, the
number of nucleotides removed from each template molecule can be controlled by
controlling 4 digestion rate, for example by coantrolling at least one of a digestion time, a
digestion temperature, or ratio of the nuclease enzyme to template copies and a nuclease
enzyme type. However, any suitable technique for controllably removing nucleotides from
ends of the copies of the templates can be wsed, such as using resiriction enzymes, cleaving,
shearing or the like. Accordingly, it will be appreciated that use of the term digestion is not
intended to be hmiting, but rather is ntended to cover any mechanistn for removing

nucleotides in a controlled manner.

[0066] The method may further tnclude creating collections, such as "libraries” of digested
template molecules, the copies of the template molecules in a given collection being digested
under similar conditions so that the digested template molecules in a collection have a similar
number of nucleotides removed [rom at least one end, whilst digested template molecules in
different ones of the plurality of collections have substantially different numbers of

nucleotides removed from at least one end. In this regard, it will be appreciated that not



WO 2015/100473 PCT/AU2014/050446

- 13-

every molecule undergoing a common digestion process will necessarily bave the same
number of nucleotides removed from each end, simply due to inherent variations in the
digestion process. Nevertheless, such variations can be accounted for during subsequent
construction of the consensus sequence, so this process still allows reads obtained from

digested nucleic acids in different collections to be used to assemble the consensus sequence.

[0067] Thus, in one example, the sequencing method uses a plurality of collections
containing copies of one or more different template molecules to be sequenced. In this
example, the method typically includes amplifying the at least one template molecule to
generate the copies of the at least one template molecude, which are then used in creating a
plurality of collections, each collection inclading copies of the at least one template
molecule, and digesiing the copies of the at least one template molecule in each collection

differentially, so that cach collection contains respective digested template molecules.

[0068] 1t will be appreciated that creation of collections or libraries is typically performed as
part of the sample preparation protocol for nucleic acid sequencing, and this roay also include
additional steps such as repairing ends of the digested template molecules, adding adapiors to

ends of the digested template molecules, or the like, as known in the art.

[0069] In one example, the method inchudes sequencing at legst part of at least one end, and
more typically both ends, of the digested template molecules in each collection to determine
at least one read for each collection. Once completed, overlaps between reads of different
collections can be idenfified, with the reads and overlaps being used to generate the

CONSCNSUS sequence.

[0070] As mentioned above, whilst this can be performed for a single template molecule,
more typically this is performed on multiple different template molecules. In this case, the
method involves creating cach collection by digesting copies of multiple different template
molecoles, sequencing at least some of the digested template molecules in each collection
and generating a respective consensus sequence for at least some of the multiple different
template molecules. Thus, this allows a respective consensus sequence to be generated for at

least some of, and optionally all of, the multiple different template molecules.
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[0071] In general, when sequencing multiple dilferent template wmolecules, the method
includes creating cach collection from a desired distribution of copies of the multiple
different template molecules. In this regard, the term desired distribution s intended to cover
having a desired number of copies of each of the multiple different template molecules, in
gach collection. The desired number 18 typically the same number for each of the dillerent
template molecules and cach of the different collections. Additionally, the desired number is
selected based on aspects of the sequencing process to ensure that reads are obtained for cach

of the different template molecules, in each of the different collections.

[0072] 1n this regard. in an ideal scenario in which every molecule in a sample 1s perfectly
sequenced, then each collection could contain one copy of cacli respective different template
molecule. So for ¢ different collections, ¢ copies of each different template molecnle could be
prepared, with ong copy being placed in each collection. However, iu practice, this is not a

feasible approach for a number of reasons.

[0073] For example, it is not generally practical to manipulate individual molecules, so
instead copies of each different template molecule are prepared in solution and then split into
different collections by sphitting or sampling the solution. Consequently, the solution must
contain a sufficiently large namber of copies of each different template, to ensure that when
the solution is divided into different collections, cach collection contains copies of cach

different template.

{0074] A further issue 1s that sequencing platforms typically have a throughput Timit defined
by ¥ x L, where N is the number of reads on any given run and L is the leagth of the reads.
In order 1o ensure that the necessary chemical processes for mitial library preparation work,
the libraries must contain a large number of teniplate molecules, far in excess of the number
of reads N, typically by several orders of magnitude. This means that a large number of the
templates molecules in each library are not sequenced. As the libraries contain a large
number of copies £ of each different template molecule (F >> N}, and as the teraplate
molecules that are oltimately sequenced are selected randomly, it is possible that the

sequenced template molecules do not include any of some of the template molecules.
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[0075] Cansequently, it is important to ensure thal the number of copies £ of each teraplate
molecule 18 significantly smaller than the number of reads N (F << N), to ensure reads are
obtained across all of the multiple different template molecudes. As a result, it s importani to
ensure that each collection includes a relatively small nomber of copies F of each of the
different template molecules, 1o ensure that the sequencing process 18 nof randowly saturated

by copies of only some of the multiple different template molecules.

[0076] However, if there are oo few copies # of each template molecnle, this can also result
in a reduction in the likelihood of the template molecule being sequenced successfully, as the

overall throughpot will be lower than required to establish a consensus sequence.

[0077] Accordingly, i the number of copies F ol each dilferent template molecule in each
collection is too small, there will not be sufficient reads to establish a consensus sequence for
that template molecule, whereas if the number of copies £ of each templaie molecule is wo
high, there is a risk that some template molecules will saturate the reads, so again some

template molecules will not be sequenced.

[0078] Accordingly, in the above described process, a dilution step can be performed once a
library has been prepared for amplifying the template molecules to generate the copies, to
thereby ensure a desired a concentration of cach template molecule in the library. Once
amplification has been completed, obtaining a4 specific sample volume of solution containing
the capies of each of the template molecules can be used to ensure each collection contains a

desired number of copies F of each different template molecule.

[0079] The process of diluting the library prior to amplification is known as botllenecking

and is performed based on a number of factors, including, but not limited to, one or more of:

-

the number of tiers 7

¢ (he read length L of the sequencing machine;

e the length of the assembled consensus sequence;

s ihe number of PCR cycles used in the various stages of creating each collection; and,

»  the type of sample preparation performed.

[0080] Accordingly, the bottlenecking process is used to preveni uneven distributions of

template molecules, which could result in certain template molecules being over or under
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represenied in the collections. For example. if too many copies of certain teraplate molecules
exist, these can saturate the sequencing process, so sequences for other ones of the template

molecules cannot be accurately delermioed.

[0D81] In one particular example, the method includes obtaining a desired distribution of the
multiple different template molecules by amiplifving the desired distribution of multiple
different template molecoles to generate a number of copies of gach of the multiple different
template molecules and creating a plurality of collections, eacl collection including a subset
of the number of copies of each of the multiple different template molecules. However, other

techniques conld be used.

[0082] To facilitate the process of generating the consensus sequence, the method can
include adding a respective label to the digested template molecules in cach collectinn and
determining the consensus sequence at least partially in accordance with the respective
labels. In this instance, the method can include determining overlaps between the reads in
different collections using the labels, for example by identifying a collection associated with
cach read using the labels. However, it will be appreciated that this is only required if the
digested template molecunles in cach collection dgre sequenced collectively, and in the event
that the molecules from different collections are sequenced separately, for example by using

a respective sequencing run for each collection, then this step may not be required.

[0083] Thus, the process can involve determining reads for each collection using the labels,
generating a collection sequence for each collection psing the reads for the respective
collection and generating the consensus sequence using the collection sequences, However,
the use of labels 18 not required in the event that the different collections are sequenced in

different sequencing runs, as mentioned above.

[0084] Trrespective or not of whether labels are used, the method can involve comparing
reads obtained from digested template molecules within a given collection and using these to
determine a collection sequence, indicative of idealized sequence for the ends of digested
template molecules within the collection, with the collection sequences of different

collections being compared to determine the consensus sequence.
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[0085] Alternatively, reads for the different libraries can be used colleatively to generate the
consensus sequence directly, The method may include sequencing a fragment of at least one
end of the digested nocleie acid molecule in each collection to determine at least one read for
each collection. The method may then further include identifying overlaps between reads of

different collections and using the reads and overlaps to generate the consensus sequence.

[0086] In one example. the consensus sequence is oblained by generating a hash indicative of
an overlap between and sequence content for each read. using the hash to construct an
overlap graph, and constructing a consensus sequence using the overlap graph, asx will be

described in more detail below:

[0087] 1n one example, each collection represents a respective tier In a sequence hierarchy,
the template molecules in adjacent tiers being progressively digested. In this example, when
multiple different template molecules are being analysed the method can inclode selecting
reads lor a next tier using the labels, determining overlapping k-mers for each read.
comparing the k-mers to k-mers of reads from previons tiers to determine inter-tier
overlapping reads and then using the nler-tier overlapping reads o generate a consensus
sequence for cach of the multiple different template molecules. In one example, this involves
using the inter-tier overlapping reads to generate an overlap graph and using the overlap

graph (o construct the consensus sequence.

[0088] In one example, this process can be at least partially parallelised by dividing the reads
from a tier into multiple streams and processing each stream independently. as will be

described in more detall below,

[0089] The method of identifying the inter-tier overlapping reads generally involves
comparing the k-mers from reads in one tier to k-mers of previous tiers to delermine inter-lier
overlapping k-mers, using the inter-tier overlapping k-mers to determine potential infer-tier
overlapping reads and using the potential inter-tier overlapping reads to determine the inter-

tier overlapping reads,

[0090] The potential inter-tier overlapping reads are typically filtered to identily the inler-tier

overlapping reads. Such filtering may be achieved in any manner, but typically involves
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calculating a distribution of insert lengths of reads in each ter and filtering inter-tier

overlapping reads using the distribution of insert lengths.

[0091] Once inter-tier overlapping reads have been determined, these can be divided into
subhgroups, each one corresponding to one of the multiple different template molecules,
which are then used in generating consensus sgquences of at least some of the multiple

different template molecules.

[0092] The method is typically performed at least in part using an electronic processing
device, such as a processing systemy or the like, which operates to determine read data
indicative of the reads and use the read data to generate the consensus sequence. It will be
appreciated that this could be performed by a stand alone or networked computer system
coupled o or forming part of a sequencing device. Thus, this could be performed by a
computer system coupled to an existing sequencing device, for example via a compuler

netwark, or by custom firmware or software installed on an existing sequencing device.

[0093] In either case, the electronic processing device is typically adapted to receive read
data, performing an analysis of the read data and generate an indication of the consensus
sequence, which may then optionally be displayed or otherwise provided to an eperator.
Thus, it will be appreciated that any suitable clectronic processing device could be used, as

will be described in more detail below,

[0094] In one example, the apparatus mcludes muoltiple electronic processing devices, and
wherein the method includes dividing reads for a next tier into multiple streams with each
clectromc processing device processing a respective stream by determining overlapping k-
mers for each read in the stream and comparing the k-mers to k-mers of reads from previous
tiers te determine potential inter-tier overlapping reads. Onece this has been completed
information from each of the streams can be consolidated to cnable inter-tier overlapping

reads to be determined,

{0095] 1t will be appreciated that the length of nucleic acid molecules that can be sequenced
using the above described techniques will vary depending on the preferred implementation
and for example will depend on factors such as the read length of the sequencing apparatus,

the number af collections {ie the mumber of tiers), the number of nucleotides removed from
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each mwlecnle. or the like. In one example, the process can be used to easily allow
sequencing of molecules having a length of at least two to three times the read length of the
sequencing device, even when only wsing minimal number of Giers, snch as three tiers.
However, it will be appreciated that increasing the number of tiers allows a corresponding

increase in the length that can be sequenced.

[0096] 1t will also be appreciated that the nmumber of nucleotides digested, and hence the
degree of overlap between the reads in adjacent tiers can also be adjusted. This will typically
be set based on the read length of the sequencing device and must be at least less than the
read length, to ensure overlap between the reads of adjacent tiers. In one example, the
number of nucleotides digested is set to be less than halt of the read length of the sequencing
device. Thus ensures a degree of overlap between non-adjacent tiers, which in turn can assist
with error correction, as well as ensuring the process can be continued even if the sequence

for any one tier cannot be successfully read for any reason.

[0097] 1o one specific example, when used with an [Hlumina HiSeq 2000 and using three
tiers, the method can be used to seguence a nucleic acid molecule having at least 250 bases,
and more typically a double stranded nucleic acid molecule having up to 1200 base pairs,
thereby representing a significant increase in the effective read length of the device. It will
also be appreciated that this can be [urther increased by using farther tiers. Purthermore, this
technique could easily be applied to multiple different template nucleic acid molecules
simultancously, such as over two and a half million templates, depending on the preferred
implementation. Thus, it will be appreciated that this can be nsed to significantly increase
the effective read length of existing sequencing devices without requiring modification of the

device iself.

{0098] An example of a method {or sequencing nucleic acid molecules, and in particular ©
sequencing a combination of multiple different template nucleic acid molecules will now be

described in more detail with reference to Figure 3.

[0099] In thix example, at step 300 the multiple template molecules are amplified utilising an

appropriate amplification techunigue, such as PCR (Polymerase Chain Reaction), or the like.
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This is performed so as to generate copies of each of the multiple template molecules, in tun

allowing these to be differentially digested.

[0160] At step 310, a plurality of collectians is created. each collection containing copies of
cach of the multiple template molecules 1o solution. This may be achieved in any suitable
manner and will typically involve forming g solution containing the copies of the multiple

template molecules and then dividing this between multiple sample preparation wells,

[0101] A step 320 the template molecules in each collection are digested under different
conditions. Usnally, this 1s achieved by adding a specific amount and concentration of a
nuclease enzyme, and in particular an exonuclease enzyme, {o the wells, and then controlling
a digestion time for each well, for example by inhibiting the digestion after a respective time

pertod.

[0162] Different digestion durations can be achieved by adding the enzyme to different wells
at different times, and then inhibiting digestion simultancously acrvoss all wells, for example
by adding a nuclease enzyme inhibitor, or heating the well to deactivate the enzyme.
Alternatively, this can be achieved by sirnultaneonsly adding the nuclease enzyme and then
selectively inhibiting the digestion after a set time for each well, and this will largely depend

on the preferred sample preparation protocol.

[0103] Alternatively differential digestion could be aclieved by altering different parameters
for each well, such as the enzyme concentration, type of enzyme used, a temperature or the
like. The use of different digestion times is not therefore intended to be limiting, although it
will be noted that controlling digestion times 1s generally preferred as this is typically more
straightforward than controlling other parameters. Additionally, at least one of the wells is

typically not exposed to the enzyme so the nucleic acid molecules therein remain undigested.

[0104] Differentially digesting the template molecules in each collection results in digested
template molecules of different lengths in the different collections so that each collection can
define a respective tier in the hicrarchy used to establish the consensus sequence, as will be
described in more detail below. It will also be appreciated that each tier typically contains

digested template molecules corresponding to each of the nmltiple temiplate molecules.
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[0105] Following optional standard library prepasation technigoes, such as addition of
adaptors or the like to the template molecules, at step 330 ends of the template molecules in
cach collection are scquenced utilising an existing sequencing device, such as the Hlumina

Hi-Seq 2000 sequencing device, o the like.

[0106] Read data indicative of the seguence content of cach the sequences read by the
sequencing device are then provided to the electronic processing device, which compares the
reads at step 340, nsing the comparison to establish overlaps between reads from different
collections, and hence tiers, at step 350, These overlaps, together with the reads, can be used
to identify reads from the same template molecule, allowing the sequences from different
tiers to be grouped and to generate a consensus sequence for cach template molecule at step
360. This can be achieved in any suitable manner, nsing a modified overlap-layout-
consensus graph approach, or the like, and an example will be described 1o more detail

below.

[0107] An example process {or sequencing multiple DNA fragments will now be deseribed

in more detail with reference to Figures 4A 1o 4D and 5A to SE.

[0108] In this example, at step 400 multiple double stranded DNA fragments, acting as
multiple temaplates, are acquired, for example from a biological sample or the like. In one
example, this can involve fragmenting a larger piece of DNA using known techniques, as will
be understood by those skilled in the art. At step 403 a library is created containing the
multiple template DNA fragments, with adaptors heing added to the DNA fragments as part
of this process. The adaptors allow PCR amplification and sequencing to be performed, and
may also act as a unique label for undigesied Tragments {corresponding to tier "0"). as will be

described in more detail below.

[0109] Prior to performing PCR, bottlenecking is performed at step 410 by diluting the
library to a desired concentration so as to obtain a desived distribution of DNA fragments. In
this regard, a desired distribution corresponds to a given number of each of the DNA
fragments. This is performed so that cach of the DNA fragments is evenly represented in the

collections which are sequenced as described below, thereby ensuring equal representation in
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the sequencing results, thereby helping to ensuore accurate identification of consensus

SEQUENCESs.

[0110] A sample is then obtained from the library, with PCR being performed on the sample
at step 4135 to create copies of the multiple DNA fragments. It will be appreciated that this

will utilise standard techniques and this will not therefore be deseribed in any further detail.

[0111] At step 420 1 wells are prepared, each well representing a respective tier or collection
and each containing copies of the multiple different DNA fragments in solution. A step 4235
Exonuclease 1T is added to -1 wells to digest the DNA {ragments therein, In this regard. the
double stranded DNA fragments are incubated with Exonuclease III, which digests one
strand (from the 3° end) of the double strand [IINA, resulting 0 a single stranded, 53" “tail” on
the double strand DNA fragments. Each of the -1 wells undergo digestion for respective

different amoonts of time at step 430, with the times being selected to differentially digest the

DNA fragments, and in particular {0 remove a respective number of nucleotides {rom each
DNA fragment in the well. The time selected will depend on a number of factors such as the
digestion temperature, concentration of the DNA fragments in the well, concentration of the
enzyme, number of nucleotides to be removed, or the like. This 1s therefore typically
performed in accordance with a sef protocol which defines specific values for these
parameters so that the operator preparing the examples need only follow the set instructions

and add predefined concentralions of the nuclease enzyme to the wells at the defined times.

[0112] At step 4335, digestion is halted by heating the well to 70°C for 20min to inactivate the
Exonuclease 1L At step 440, Mung Bean or S1 Nuclease is added to the -1 wells to degrade
the single strand DNA, thos removing the §° ail” from the double strand DNA fragments

created by the Exonuclease IT1 digestion.

[0113] Results of an example digestion process are shown i Figare 4D, In this example,
three collections are prepared, with the collection 401 representing tier "0" containing
undigested DNA fragments, whilst the collections 402, 403 represent tiers "1" and "2"
respectively, and contain progressively digested DNA fragments. The graphs illustrate a
distribution of the number of nucleotides in each ter, showing that tier "0" contains

undigested DNA fragments most of which have approximately 600 nucleotides, with



WO 2015/100473 PCT/AU2014/050446

variations arising dunng the amplification process. The strands in tiers "1 and "2" are
approximately symmetrically digested at cach end, with most of tier "1" fragments losing
about 100 nucleotides at each end and most ter 2" fragments losing about 150 nucleotides at

gach end.

{0114] Thus, these data highlight the ability of the digestion process to contrallably digest a
number of nucleotides from each end of the DNA fragments by varying a digestion time. It
will be appreciated from this that the amount of digestion is not necessarily exactly equal for
cach DNA fragments in a given well, but that the amount of digestion will be substantially
similar for DNA fragments in a well and substantially different for DNA {ragments in
different wells. As a result, differences in the amount of digestion within a tier is within
limits that can be accommodated nsing suitable statistical analysis techniques when analyzing

the resulting read data, as will be described in more detail below.

[0115] In any event, the result of the digestion process is the production of r wells each

including digested DNA fragments for each of the multiple DNA fragment templates.

[0116] At step 4435, libraries are created for the each of the #-1 wells, which typically includes
adding adaptors to the digested DNA fragments in each of the #1 wells, for example by
adding an adaptor oligo mix, lgase and bufler sclutions as required by the particular
sequencing device and/or protocol. In this regard, it will be appreciated that the undigested
molecules corresponding to tier "0 already have adaptors attached, and so this step may not
be required for that well. Creation of the library can also include adding a onique label,
which may form part of the adaptor added above. In this regard, a unique label is used for
each well, so that the digested template molecnles from each well can be identified so as to
allow the analysis process to ascertain with which tier resulting reads should be associated.
Howevyer, the tier "0” fragments may already include a label in which case a [urther label may
not be needed for this well. The nature of the wogue label may vary depending on the
preferred implementation, but typically this includes a predefined sequence of nucleotides

which are bound o the end of the DNA {ragments in each collection.

[0117] At step 430, samples from the different wells are combined and provided to the

sequencing device, which is used o perform sequencing of the digested DNA fragmenis,
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This is performed in accordance with normal device operation and will typically involve the
sequencing device generating reads representing sequence content of the unique label and an
end portion of each digested DNA fragment al step 453, Alternatively however the DNA
fragments from different wells can be sequenced separately, in which case labels may not be

required.

[0118] It will be appreciated from the above description that the digested DNA fragments in
a given tier are not identical, for example as they are obtained from different template DNA
fragments, as well as due o copy ervors duning the initial amplification, and variations in the
digestion process. Accordingly, the read data 1s statistically analysed to identity a consensus

sequence for each DNA fragment.

[0119] To achicve this, at step 460 the electronic processing device, which has received read
data representing the reads generated by the sequencer, groups reads mto tiers using the
corresponding label, if this has not already been done by the sequencing device itself. At step
465 the electronic processing device compares reads between different tiers to identity ioter-
tier overlaps. In particular, this process typically identilies muliiple potential inter-tier
overlaps for different reads, which are then filtered at step 480, based on insert length

distributions and other factors.

[0120] At step 473 the electronic processing device sorts the overlapping inter-tier reads
across all tiers into subgroups, based on the everlaps, allowing the subgroups of overlaps and
reads to be used to assemble a consensos seqoence for each termplate DNA [ragment at step

480.

[0121] In wmore detail, the process of analysing the reads can be broadly understood to
include the following steps:
1. Labels added to the reads during sequencing preparation are used to sort paired reads

into tier specifie groups, if this has not already been done by the sequencing device.

b

A searchy 1s performed with the aim of identifying all inter-tier read overlaps.

3. The distributions of insert sizes for each ter are caleulated and stored,



WO 2015/100473 PCT/AU2014/050446

4. The complete set of wmter-lier overlaps is [iltered such that only paired inter-tier (PIT)
overlaps remain. Furthermore, the insert sizes inferred by these overlaps must match
the distributions calculated at step 3.

5. Paired reads spanning all tiers are sorted into subgroups.

6. The ovedap and tier-specific information is used to reconstruct the consensus

sequence of gach subgroup.

[0122] In practice. the algorithm used to identify all inter-tier overlaps is performed
iteratively for cach tier. At each iteration a storage hash is constructed which encodes
information about the reads in that Ger. At the same time, the reads are checked against a
comparison hash generated during the previous iteration and potential overlaps are identified.
When all the reads in a tier have been parsed the comparison hash can be destroyed and the

newly constructed storage hash becomes the comparison bash for the next iteration.
{0123] This process will new be described in niore detail with reference (o Figures 5A (o SE.

[0124] In this example, it step 500 the electronic processing device selects a next tier in the
hierarchy, typically starting with the lowest tier, in this case tier "0”, and optionally divides
reads within the tier into multiple streams at step 505. This is performed to allow each
stream to be processed separately, for example by a respective electronic processing device,
allowing a massively parallel architecture to be employed. This significantly reduoces the
time required to perform an analysis of each tier, in turn allowing this to be used for large

datasets without an undue time delay.

[0125] For each stream, paired reads are then divided into overlapping k-mers at step 510. In
this regard, the term k-mer refers to small sub-strings that commonly include a small number
of nucleotides, such as between three and a number of bases shorter than the read being
analysed. The length of the k-mer and the amount of overlap between each k-mer can vary
depending on the length and guality of the input reads. As each k-mer is produced,
information is generated about each k-mer including but not limited tox:

¢ adescription of the read it came from;

¢ it's position within that read; and,

s it's orientation {with respect to strandedness) al that position,
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[0126] At step 515 information regarding each k-mer is added to a storage hash. In this
regard, the term storage hash refers to a data store, such as a database, containing information
regarding the k-mers for the current stream, and which usually stores the information mapped
to a predetermined format, which typically but not necessarily reduces overall storage
requireroents. It will therefore be appreciated that the nse of a hash. whilst advantageous, is

net iended to be limiting, and that any appropriate data store and structure could be used.

[0127] As individnal k-mers will be enconntered multiple times. the k-mers and associated
information are stored using the sequence of the k-mer as a key. In such cases the k-mer
sequence key will point to a list of information packets, one for each occurrence of the k-mer
within the stream. It should be noted that it is not necessary to construct a storage hash for the
final iteration, corresponding to the highest tier in the hierarchy, however k-mers must still be
generated for comparison with the hash produced in the previcus ieration, as will become

apparent from the fellowing description.

[DI28] At step 520, each identified k-mer is compared to k-mers in a comparison hash, to
identify the same k-mers within the different tiers. In this regard, the comparison hash is a
hash resulting from identification of k-mers in previous tiers in the hierarchy, and which is
created by combining storage hashes from the previows tier. This process therefore
effectively determines inter-tier overlapping k-mers. It will also be appreciated that this step

ts not performed for tier "0" in the hierarchy.

{1129] As each k-mer is produced, the algorithm checks to see whether it exists in the
comparison hash. Co-occurance of k-mers between two reads {(common k-mers) indicates a
potential overlapping read between the ders.  Accordingly, il the k-mer exists in the
comparison hash, it is used to generate a list of reads from the previous tier which contain
this k-mer. These reads are called query sequences or "queries” and the read currently being

parsed is called the subject read or "subject”.

[0130] Following this at step 330, the subjects and quereies are analysed to identify potential

inter-tier overlapping reads.

[0131] For example, as shown in Figure 5C, the first comunon k-mer found for a pair of reads

15 denoled K. the second common k-meris denoled Ko and <o forth, with the final comimon
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k-mer is denoted Kx. Using information about the positions and orientations of K in each
read. it is possible to predict the positions and ortentations of Ky, Ky, ... Ky for the subject
and also for each query. Thus, for each query it 35 possible to produce a collection of k-mers,
positions and orientations which, if found in the subject, identify a potential overlap between

the subject and the query.

[0132] When such k-mers are produced the potential overlap is confirmed and information
describing it is stored. This information is includes but is not limited to: a description of the
reads which are overlapped, the relative orientation of the subject with respect 1o the query

and visa versa and the amount of overlap shared between the subject and the query.

[0133] 1t will be appreciated that the process of comparing all k-mers across a possible
overlap and requiring these to be egual will only find overlapping reads that match perfectly.
Whilst this is fine in theory, in practice errors may arise in sequences, for example due to
sequencing errors, or the like. Accordingly, in one exaniple, the process is modified to allow
identification of imperfect overlaps. In this example, 1osiead of identifying a set of k-mers
and corresponding positions and overlaps that confirm an inter-tier read overlap, the
existence of common k-miers is used to indicate a possible overlap. Following this, more
generalised string matching algorithms can be used to confirm the overlap and calenlate the
number of mismatches ete, This extra information can be stored alongside the information

which wonld normally be stored for cach overlap.

{1134] Once the streams for a respective ter have been analysed, it 15 determined il all the
tiers are complete at step 535, and if not the process moves on to step 540 to replace the
comparison hash with the stovage hash fo forn a new comparison hash, which is then used in
analysing the next tier in the hicrarchy. In this regard, it will be appreciated that if 4 parallel
processing approach is used at step 505, then a respective storage hash will be prodoced for

cach stream and these must be combined when forming the new comparison hash.

[0135] 1t will be appreciated that parallelisation can be used as the process does not altempt
to examine intra-tier overlaps, bat rather only looks for inter-tier overlaps. In this regard,
each stream is typically analysed by a respective processor which can achieve this by haviag

read only access to the comparison hash generated for the previous tier. The processor then
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creates its own storage bash, with the individual storage hashes being merged upon

completion of the analysis of each stream.

[0136] In any event. having identified all potential inter-tier overlapping reads. these are then

filtered to determine the most-likely inier-tier overlapping reads.

{0137] Filtering may be achieved in any soitable manner. In one example. this is done based
on the distribution of inseit lengths within each tier, and accordingly, at step 545 a
distribution ol insert lengths is determined for each tier. In this regard, as shown in Figure
5D, each paired read has two ends denoted R' and R™. If both ends of the paired read have
been mapped onto a reference sequence or template, then the regions lying directly ander
each read are known as read regions, the points that mark the inside edges of the read regiouns
the inner boundaries and the points that mark the outside edges of the read regions the outer
boundaries. In this case. the distance separating the outer boundaries is referred o ag the

insert length.

[0138] The manner in which the insert length can be deternmined will vary depending on the
preferred 1mplementation.  For example, the easiest way to determine the insert length
distributions is to map reads from each tier to a closely related reference sequence or
collection of reference sequences. A sufficiently large number of réads from each tier should
map to a given reference, allowing for direct calculation of insert lengths and the resulting
distributions. Alternatively. this can be achieved by performing a rough assembly of the
sequence for one of the tiers, typically fier "0", and using this for a point of comparison for
determining insert lengths.  As a further alternative, for experiments where the target
genomes are expected to have absolutely no relation 1o any known reference. a suitable small

reference genome can be added as a template to sequencing, such as PhiX.

[0139] At step 530 the list of potential inter-tier overlaps are filtered nsing the insert length
distributions for each tier. To perform this. a paived inter-tier overlap (paired overlap) 1s
defined as a set of two inter-tier overlaps (4 and Oy between paired reads Ry and Ry that
respectively belong to adjacent tiers Ty and Ty and have the following properties:

®  Overdap Oy links end in of Rx and end Ryl of Ry and overlap Oy links end

Ry of Ry and end Ry~ of Ry.
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* The overlaps are such that the outer boondaries of Ry fall within the read
regions of Ry,

# The distance belween the outer boundaries of Ry]' and in {left offsety and
between the outer boundartes of RYZ‘ and R x2 {right offset) arc what we would
expect to see given our knowledge of the distributions of insert sizes obtained

during the previous step.

[0140] Accordingly, the electronic processing device examines the list of potential inter-tier

overlaps and removes those that do not meet the above criteria.

[0141] At step 555 the resulting overlapping paired reads are sorted into subhgroups. This can
be achieved using any suitable technique, such as by identifying common reads, clustering
algorithms or the like. The resulting subgroups can then be used to determine a consensus
sequence Tor a corresponding template DNA fragment, for example using known assembly

techniques.

[0142] Thus, the above described process allows [or assembly of the consensus sequences for
cach of the sequenced template molecules.  Furthermore, by performing the process by
initially identifying only inter-tier overlaps, achievable through the nse of the labelling of the

different tiers, this can advantageously allow a parallelised implementation to be performed.

[0143] An example of a processing system including an clectronic process deviee is shown in

Figure 0.

[0144] In this example, the processing system 600 includes at least one microprocessor 610,
a memory 611, an optienal input/output device 612, such as a keyboard and/or display, and
ann external interface 613, interconnected via a bus 614 as shown. In this example the
external interface 613 can be utilised for connecting the processing system 600 to peripheral
devices, such as a sequencing device, communications network, external databases, other
storage devives, or the like. Although a single external interface 613 is shown, this is for the
purpose of example only, and in practice multiple interfaces nsing vartous methods (eg.

Ethernet, serial, USB, wireless or the like) may be provided.
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[0145] In use, the microprocessors 010 execnie instructions In the form of applications
software stored in the memory 611 to allow the above described analysis process to be
performied, as well as to perform any other required processes, such as communicating with
the sequencing device. The applications software may include one or mare software
meodules, and may be executed in a suitable execution environment, such as an operating

system environment, or the like.

[0146] Accordingly, it will be appreciated that the processing system 600 may be formed
from any suitable processing system, such as a suitably programmed computer system, PC,
web server, network server, or the like. In one particular example, the processing system 600
is a standard processing system such as an Intel or AMD Architecture based processing
system, which executes software applications stored on non-volatile (e.2.. hard disk) storage,
although this is not essential. However, it will also be undersiood that the processing system
could be any electronic processing device such as a microprocessor, microchip processor,
logic gate configuration, frmware optionally associated with implementing logic such as an
FPGA (Field Programmable Gate Array). or any other electronic device. system or

arrangenent.

[0147] It will therefore be appreciated from the above that the sequencing method and
apparatus can be used to enhance the sequencing ability of existing known sequencing
techniques and wachines using minor changes in the protocol for preparing template

molecules for sequencing and through the use of suitable post sequencing data analysis.

[0148] Throughout this specification and claims which follow, unless the context requires
otherwise, the word “comprise”, and variations such as “comprises™ or “comprising”, will be
understood to imply the inclusion of a stated integer or group of integers or steps but not the

exclusion of any other integer or group of iniegers.

[0149] Persons skilled in the art will appreciate that numerous variations and modifications
will become apparent.  All such variations and modifications which become apparent to
persons skilled in the art, should be considered to fall within the spirit and scope that the

mvention broadly appearing before described.
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THE CLAIMS DEFINING THE INVENTION ARE AS FOLLOWS:

Iy A method of sequencing at least one template nucleic acid molecule, the method
including:

a) differentially digesting a number of copies of the at least one template molecule to
thereby generate digested template molecules, at least some of the digested lemplaie
molecules having different numbers of nucleotides removed from at least ong end of
the template molecule;

b) sequencing at least part of the digested template molecules to generate reads
representing the sequence content of at least an end portion of the digested template
molecules; and,

¢} generating a consensus sequence for the at lkeast one template molecule using overlaps
between the reads.

2} A method according to claim 1, wherein at least some of the digested template molecules
have nucleotides removed from cach end and wherein the method includes sequencing at
least part of either end of the digested template molecules,

3) A method according to claim 1 or claim 2, wherein the method includes differentially
digesting copies of the at least oue template molecule using at least one nuclease enzyme.

4} A method according to claim 3, wherein the enzyme is at least one of:

a) Exonuoelease ITE

b) Mung Bean Nuclease;

¢} 81 Nuclease: and,

d) Bal3l.

0
i

A method according to any one of the claims 1 to 4, wherein the method includes
differentially digesting copies of the at least one template molecule by controlling at least
one of;

a) adigestion time;

b) adigestion rate;

¢} adigestion temperature;

d) anuclease enzyme concentration; and,

e} anuclease enzyme type.

6y A method according to any one of the claims 1 to 5, wherein the method includes creating

a plurality of collections of digesied template molecules, the copies of the template
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8)

molecules in a given collection being digested under similay conditions so that the

digested template molecules in a collection have a similar number of nucleotides removed

{rom. at least one end, whilst digested template molecules in different ones of the plorality

of collections have substantially different numbers of nucleotides removed from at least

one end.

A method according to any one of the claims 1 to 6, wherein the method includes:

a) amplifying the at least one template molecule to generate copies of the at least one
template molecule;

by creating a plurality of collections, each collection including copies of the at least one
template molecule; and,

¢} digesting the copigs of the at least one template molecule in each collection
differentially, so that each collection contains respective digested template molecules.

A method according to claim 6 or claim 7, wherein the method includes sequencing at

least pait of al least one end of digested template molecules in each collection to

determine at least one read for each collgction.

A method according to claim 8. wherein the method includes sequencing at least part of

cach end of the digested template molecules in each collection.

103 A miethod according to claim § or claim 9, wherein the methed includes:

a} identifying overlaps between reads of different collections; and,

b) using the reads and overlaps to generate the consensus sequence,

1) A method according to any one of the claims 6 to 10, wherein the method inchudes:

a) creating each collection by digesting copies of multiple different template molecules:
b) sequencing at least some of the digested template molecules in each collection; and,
¢} generating a respective consensus sequence for at least some of the multiple different

template molecules.

12}A method according to claim 11, wherein the method includes creating each collection

from a desited distribution of copies of multiple different template molecules.

I3) A method according to claim 11 or claim 12, wherein the method includes:

a) obtaining a desired distribution of the multiple different template molecules;
h) amplifying the desired distribution of multiple different femplate molecules (o

generate a munber of copies of each of the multiple different template molecules; and,
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¢} creating a plarality of collections, each collection including a subset of the number of
copies of cach of the multiple differcnt template molecules,
145 A method according to any one of the claims 6 to 13, wherein the method includes:
a} adding a respective label to the digested template molecules in each collection; and,
by determining the consensus sequence al least partially in accordance with the
respective labels.
I5)A method according to claim 14, wherein the method includes determining overlaps
between the reads in different collections nsing the labels.
163A method acecording to claim 14 or claun 1S5, wherein each collection represents a
rgspective tier in a sequence hierarchy, the template molecules in adjacent tiers being
progressively digested.
17)A method according to claim 16, wherein, for multiple different template molecules, the
method includes:
a) selecting reads for a next tier using the labels;
by determining overlapping k-mers for cach read:
¢} comparing the k-mers to k-mers of reads fram previous tiers to determine inter-tier
overlapping reads; and,
d) using the inter-tier overlapping reads to generate a consensus sequence for gach of the
multiple different template molecules.
18} A method according to claim 17, wherein the method includes:
a} dividing the reads from a tier into multiple streams; and,
b) processing each stream independently.
19 A method according to claim 17 or claim 18, wherein the method includes:
a) comparing the k-mers to kK~-mers of previous tiers to determine inter-tier overlapping
k-mers;
b} using the inter-tier overlapping k-mers to determine potential inter-tier overlapping
reads; and,
¢} using the petential inter-tier overlapping reads to determine the inter-tier overlapping
reads.
203 A method according to claim 19, wherein, the method includes:
ay calculating a distribution of 1nsert lengths of reads in each tier; and,

by filtering inter-ticr overlapping reads using the distribution of insert lengths.
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213 A method according to claim 20, wherein, the method includes:

a) determining subgroups of inter-tier overlapping reads; and,

b) generating consensus sequences of at least some of the multiple differcot template
molecnles using the subgroups of inter-tier overlapping reads.

223A method according to any one of the claims 1 to 21, wherein the method includes, inan
clectronic processing device:

a) determining read data indicative of the reads; and,

b) using the read data to generate the consensus sequence.

23A method according to claim 22, wherein the method includes, in the electronic
processing device, receiving the read data from a sequencing device,

243A method according to claim 22 or claim 23, wherein the method includes, in the
electronic processing device:

a) generating an indication of the consensus sequence; and,

b) causing an indication of the consensus sequence to be displayed.

25)Apparatus for generating a consensus sequence representing a sequence ol at least one
template nucleic acid molecule, the apparatos including an electronic processing device
that:

a} determines read data indicative of reads, the reads representing the sequence content
of at least an end portion of digested template molecules, the digested template
molecules being obtained by differentially digesting a number of copies of at least
one template molecule so that at least some of the digested template molecules have
different numbers of nucleotides removed from at least one end of the at least one
template molecule; and,

by uses the read data to generate consensus sequence data representing the consensus
sequence.

26y Apparatus according to claum 23, wherein the electronic processing device:

a} determines overlapping k-mers for each read;

by compares the k-mers 1o k-mers of reads from previous tiers {0 determine inter-tier
overlapping reads: and,

¢} uses the inler-tier overlapping reads to generale a consensus sequence for each of the

multiple different template molecoles.
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2D Apparatus according to claim 26, wherein the apparatus includes multiple electronic
processing devices, and wherein reads for a next tier are dividing into multiple streams
and cach electronic processing device processes a respective stream by:

a) determining ovetlapping k-mers for each read in the stream; and.

by comgparing the k-mers o k-mers of reads from previous ters to determine polential
inter-tier averlapping reads.

28) Apparatus according to any one of the claims 25 to 27, wherein the apparatus is for use in
performing the method of any one of the claims 1 to 24,

293A method of sequencing at least one template nucleic acid molecule, the method
including:

a} creating a plurality of collections, each collection including & desired distribution of
copies of multiple different template molecules;

by differentially digesting the copies of the multiple differcut template molecules in each
collection to therchy generate digested terplate molecules, at least some of the
digested template molecules having different nmmbers of nocleotides removed from at
least one end of the multiple template molecules;

¢} sequencing at least part of the digested template molecules to generate reads
representing the sequence content of at Icast an end portion of the digested template
molecules; and,

d) generating a consensus sequence lor at least some of the multiple different template
molecules.

303 Apparatus for generating a consensus sequence representing a sequence of at least some
of multiple different template nucleic acid molecules, the apparatus including an
electronic processing deviee that:

a) determines read data indicative of reads, the reads representing the sequence content
of at least an end portion of digested template molecules, the digested template
molecules being obiained by differentially digesting a number of copies of multiple
template molecules so that at least some of the digested template molecules have
different numbers of nucleotides removed from at least one cnd of the multiple
template molecules; and,

b) uses the read data to generate consensus sequence data representing a consensus

sequence for at least some of the multiple different template molecules.
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