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e

A method of detecting a structural variant in sequencing data of a test nucleic
acid obtained from a biological sample

| At a computer system having one or more processors, and memory |
I storing one or more programs for execution by the one or more |_/K204
I processors. |

Obtain a plurality of sequence reads (128). Each respective sequence
read in the plurality of sequence reads comprises a first portion that 206
corresponds to a subset of the test nucleic acid and a second portion that |~
encodes an barcode for the respective sequence read. The barcode is
independent of the sequence data of the test nucleic acid. Optionally, a
first sequence read in the plurality of sequence reads corresponds to a
subset of the test nucleic acid that is greater than 10kb.

:The biological sample is from a multi-chromosomal species and the test |

nucleic acid comprises a plurality of nucleic acids collectively | —208
| representing a plurality of chromosome from the multi-chromosomal
| species.

| The barcode in the second portion of each respective sequence read in
| the plurality of sequence reads encodes a unique predetermined value

| selected from the set {1, ..., 1024}, {1, ..., 4096}, {1, ..., 16384}, {1, ...\ }—210

| 655361, (1, ..., 262144}, {1, ..., 1048576}, {1, ..., 4194304}, {1, ...,

L 167772163, {1, ..., 67108864}, or {1, ..., 1 x 10"}, '

rr--—r-—n—=-------"-"-"-"-""""""-"-"-"-"--"--"-=- A

: The barcode in the second portion of a sequence read in the Lf-212
plurality of sequence reads is localized to a contiguous set of |

: oligonucleotides within the sequence read. |

l | i | '

| The contiguous set of oligonucleotides is an N-mer, I__J’—' 214

| where N is an integer selected from the set {4, ..., 20}. I |

- Y- T T I

Figure 2A
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| . . . I (cont)
The barcode in the second portion of a sequence read in the |
I plurality of sequence reads is localized to a noncontiguous set | |—216
I of oligonucleotides within the sequence read. 1
- e ______ |
| :- The predetermined noncontiguous set of nucleotides | 218
| | collectively consists of N nucleotides, where N is an |_/|’—_
| | integer in the set {4, ..., 20}. | |
| _ eI !
I The first sequence read in the plurality of sequence reads corresponds |
| t0 a subset of the test nucleic acid that is greater than 5kb, 10kb, 20kb, l_d/'220
o __ 40kb, or 100K _ _ _ _ _ _ _ _ __ |
Obtain bin information for a plurality of bins. Each respective bin in the
plurality of bins represents a different portion of the test nucleic acid. The bin
information identifies, for each respective bin in the plurality of bins, a set of
sequence reads in a plurality of sets of sequence reads. Each sequence | 222
read in each set of sequence reads in the plurality of sets of sequence reads
is in the plurality of sequence reads. Each respective sequence read in each
respective set of sequence reads in the plurality of sets of sequence reads
has a respective first portion that corresponds to a subset of the test nucleic
acid that at least partially overlaps the different portion of the test nucleic acid
that is represented by the bin corresponding to the respective set of
sequence reads.
I I Each bin in the plurality of bins represents at least 20 kb, at least 50 kb Ol 224
I at least 100 kb, at least 250 kb, or at least 500 kb of the test nucleic 1
e e e e acd _ _ _ _ _ _ ______ I
| There is no overlap between each different portion of the test nucleic ! —226
I acid represented by each respective bin in the plurality of bins. r
| Each respective sequence read in each respective set of sequence
| reads in the plurality of sequence reads has a respective first portion 298
| that corresponds to a subset of the test nucleic acid that fully overlaps r/f
| the different portion of the test nucleic acid that is represented by the |
| bin corresponding to the respective set of sequence reads. |

Figure 2B
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___________________________ 222
| The plurality of bins comprises 20 or more bins, 100 or more binds, or | (cont)
:_ 1000 or more bins. :_,/'230

A determination is made as to the number of unique barcodes in a first set
of sequence reads, in the plurality of sequence reads (where the first set of
sequence reads is of a first bin in the plurality of bins), that are also found

in a second set of sequence reads, in the plurality of sequence reads | 232
(where the second set of sequence reads is of a second bin in the plurality
of bins).

'

Determine a probability or likelihood that the number (of unique barcodes
determined in 232) is attributable to chance by comparison of a metric based

upon the number to a threshold criterion. When the metric satisfies the | 234
threshold criterion, a structural variation is deemed to have occurred in (i) the
different portion of the test nucleic acid that is represented by the first set of
sequence reads and/or (ii) the different portion of the test nucleic acid that is
represented by the second set of sequence reads.
:One exemplary metric is computed as: :
| """ £ . |
I §;§ s ﬂ ‘gi\;ﬁ I
I i |
| where I
| {b1, D2, ..., bn} is the set of n unique barcodes that is found in both the | 236

| first and second set of sequence reads, i is an integer index to n, and f,; |-—
| is the fraction of the plurality of bins in which the barcode b; appears. |

I

e e e e e e e - —

| | The metric is deemed to satisfy the threshold criterion | 238
: | when pis 102 or less, 10° or less, 10 or less, or 10° —]

I

I

| or less. I [

Figure 2C
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bases or more, into the different portion of the test nucleic acid that is ]
represented by the first set of sequence reads.

5/44
___________________________ 234
| The structural variation is an insertion or deletion of 50 consecutive | (cont)
| bases or more, 500 consecutive bases or more, or 5000 consecutive
| ,—240
|

| The different portion of the test nucleic acid represented by the first bin | —242
| overlaps the different portion of the test nucleic acid represented by the ]
I second bin.

| At least 50 percent, at least 80 percent, o at least 95 |

I percent of the different portion of the test nucleic acid | |_{— 244
represented by the first bin overlaps the different portion

|_of the test nucleic acid represented by the second bin. | :

r The structural variation is a translocation of 50 consecutive bases or I
| more into the different portion of the test nucleic acid that is I
| represented by the first set of sequence reads from the different portion I-’K 246
| of the test nucleic acid that is represented by the second set of I
| sequence reads. I

| The different portion of the test nucleic acid represented by the bin I
[ corresponding to the first set of sequence reads is from a first I
| chromosome of the biological sample, and the different portion of the L«f248
| test nucleic acid represented by the bin corresponding to the second I
| set of sequence reads is from a second chromosome of the biological I
sample, where the second chromosome is other than the first I
I

chromosome.
I _____________________ |

The first chromosome is a paternal chromosome and the __/[/__ 250
| .
second chromosome is a maternal chromosome. | |

-
The biological sample is human and the first I 1 252
chromosome is chromosome 21, 18, or 13.

Figure 2D
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| The structural variation is deemed to have occurred, the method further |

comprising treating a subject that originated the biological sample with |

| The metric is deemed to satisfy the threshold criterion, and the method
further comprises: aligning each respective sequence read in the
number of respective sequence reads to (i) the subset of the test

| hucleic acid corresponding to the first set of sequence reads and (ii) the

| subset of the test nucleic acid corresponding to the second set of

| sequence reads; determining a first alignment quality for each

| respective sequence read in the number of respective sequence reads

| against the subset of the test nucleic acid corresponding to the first set

| of sequence reads based on the aligning; determining a second

| alignment quality for each respective sequence read in the number of

| respective sequence reads against the subset of the test nucleic acid

| corresponding to the second set of sequence reads based on the

| aligning; eliminating from the number of respective sequence reads

| each sequence read having a first alignment quality and a second

| alignment quality that are similar; and

| () repeating the determining 234.

| Maintaining a blackout list, the blackout list comprising a plurality of ]I
| blackout regions of the test nucleic acid, and the determining 234 L
| further comprises eliminating a sequence read from the number of

| respective sequence reads when the first portion of the sequence read|
| overlaps a blackout region in the plurality of blackout regions.

I

| . | Sa | —254

I a treatment regimen responsive to the structural variation. |—
_____________________ I

: :_ The treatment regimen comprises a diet modification. |—/I’_— 2%

————————————————————— I

| _ - - - -

| : The treatment regimen comprises application of a | | 258

| | pharmaceutical composition that inhibits a biological r-’/:/

| L pathway associated with the structural variation. | I

| b —— =

—260
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A method of determining a likelihood of a structural variation occurring in a
test nucleic acid obtained from a single biological sample

| The method takes place at or within a computer system having one or |
| more processors, and memory storing one or more programs for |_’/"704
I execution by the one or more processors. |

Obtain a plurality of sequence reads from a plurality of sequence
reactions in which the test nucleic acid is fragmented (128). Each
respective sequence read in the plurality of sequence reads comprises a 206

first portion that corresponds to a subset of the test nucleic acid and a e
second portion that encodes an barcode for the respective sequence
read. The barcode is independent of the sequence data of the test
nucleic acid. Optionally, a first sequence read in the plurality of
sequence reads corresponds to a subset of the test nucleic acid that is
greater than 10kb.

: The biological sample is from a multi-chromosomal species and the test I

nucleic acid comprises a plurality of nucleic acids collectively I ,— 708
| representing a plurality of chromosomes from the multi-chromosomal
| species.

I
| the plurality of sequence reads encodes a unique predetermined value I
| selected from the set {1, ..., 1024}, {1, ..., 4096}, {1, . . 16384}, {1, ... |
| 65536}, {1, ..., 262144}, {1, ..., 1048576}, {1, ..., 4194304}, {1, ..., ]
I 167772163, {1, ..., 67108864}, or {1, ..., 1 x 10"} I

,—710

| The barcode in the second portion of a respective sequence |
| read in the plurality of sequence reads is localized to a L_,/'712
| contiguous set of oligonucleotides within the respective |
| sequence read. |
I I
I
I

e e —— —— —— — — —— — — — — — — — — — — — — —

| : . . . I
The contiguous set of oligonucleotides is an N-mer, I | —+— 714
where N is an integer selected from the set {4, ..., 20}. I |

Figure 7A
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I

The barcode in the second portion of a sequence read in the |

plurality of sequence reads is localized to a noncontiguous set |
of oligonucleotides within the sequence read. ]

r
| The predetermined noncontiguous set of nucleotides

|  collectively consists of N nucleotides, where N is an |__—f|/
| integer in the set {4, ..., 20}. | |

The first sequence read in the plurality of sequence reads Corresponds |
to a subset of the test nucleic acid that is greater than 5kb, 10kb, 20kb, -
40kb, or 100kb. |

— 718

,—720

Obtain bin information for a plurality of bins. Each respective bin in the

plurality of bins represents a different portion of the test nucleic acid. The bin
information identifies, for each respective bin in the plurality of bins, a set of

sequence reads in a plurality of sets of sequence reads. Each sequence
read in each set of sequence reads in the plurality of sets of sequence reads
is in the plurality of sequence reads. Each respective sequence read in each

respective set of sequence reads in the plurality of sets of sequence reads
has a respective first portion that corresponds to a subset of the test nucleic
acid that at least partially overlaps the different portion of the test nucleic acid

that is represented by the bin corresponding to the respective set of
sequence reads.

l'Each bin in the plurality of bins represents at least 20 kb, at least 50 kb |
at least 100 kb, at least 250 kb, or at least 500 kb of the test nucleic I——
acid. |

There is no overlap between each different portion of the test nucleic
I acid represented by each respective bin in the plurality of bins.

| Each respective sequence read in each respective set of sequence I
| reads in the plurality of sequence reads has a respective first portion
| that corresponds to a subset of the test nucleic acid that fully overlaps —
| the different portion of the test nucleic acid that is represented by the |
| bin corresponding to the respective set of sequence reads.

— 724

726

,—728

Figure 7B
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122

| or more bins, 10,000 or more binds, 100,000 or more bins or 1,000,000 |
| ____ormorebins_ _ _ _ _ ______ 1

(cont)
,— 730

Identify, from among the plurality of bins, a first bin and a second bin that
correspond to portions of the test nucleic acid that are nonoverlapping.
The first bin is represented by a first set of sequence reads in the plurality
of sequence reads and the second bin is represented by a second set of
sequence reads in the plurality of sequence reads.

| The first bin and the second bin are at least a predetermined number o] |

kilobases apart on the test nucleic acid. |

kilobases, at least 25 kilobases, at least 50 kilobases, L__/l/
at least 50 kilobases, or at least 100 kilobases apart on |

|

Ve

I The first bin and the second bin are at least 5 | |
|

|

I the test nucleic acid. |

— 734

— 736

Determine a first value that represents a numeric probability or likelihood
that the number of barcodes common to the first set and the second set is
attributable to chance.

I Use a binomial test to compute the first value of the form:
: b= 1- PBinom (n; nlnz/B)

.I._J
I
.
I
I
| where, p is the first value, expressed as a p-value, n is the number of L
| unique barcodes that is found in both in the first and second set of |
| sequence reads, n, is the number of unique barcodes in the first set |
| of sequence reads, n; is the number of unique barcodes in the I
second set of sequence reads, and B is the total number of unique
I barcodes across the plurality of bins. :

|~ 742

Figure 7C
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Responsive to a determination that the first value satisfies a
predetermined cut-off value, for each barcode that is common to the first
bin and the second bin, obtain a fragment pair thereby obtaining one or
more fragment pairs. Each fragment pair in the one or more fragment
pairs (i) corresponds to a different barcode that is common to the first bin
and the second bin and (ii) consists of a different first calculated fragment
and a different second calculated fragment. For each respective
fragment pair in the one or more fragment pairs the different first
calculated fragment consists of a respective first subset of sequence
reads in the plurality of sequence reads having the barcode
corresponding to the respective fragment pair. Each sequence read in
the respective first subset of sequence reads is within a predefined
genetic distance of another sequence read in the respective first subset
of sequence reads. The different first calculated fragment of the
respective fragment pair originates with a first sequence read having the
barcode corresponding to the respective fragment pair in the first bin.
Each sequence read in the respective first subset of sequence reads is
from the first bin. The different second calculated fragment consists of a
respective second subset of sequence reads in the plurality of sequence
reads having the barcode corresponding to the respective fragment pair.
Each sequence read in the respective second subset of sequence reads
is within a predefined genetic distance of another sequence read in the
respective second subset of sequence reads. The different second
calculated fragment of the respective fragment pair originates with a
second sequence read having the barcode corresponding to the
respective fragment pair in the second bin, and each sequence read in
the respective second subset of sequence reads is from the second bin.

|  The single biological sample is human, the test nucleic acid is the I
| genome of the biological sample, and the first value satisfies the |
| predetermined cut-off value when the first value is 1072 or less, when I_,/'746
| the first value is 10" or less, when the first value is 10™* or less, or I
| when the first value is 107 or less. I

| An identity of the first and second bin is determined using sparse matrix I_./’748

[ multiplication.

Figure 7D
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IAn identity of the first and second bin is determined using sparse matrix I [~ (cont)
multiplication of the form: |
: L—750

I
v = 4l4,, '
| where A, is a first B x N; matrix of barcodes that includes the first bin, |
| A, is a second B x NV, matrix of barcodes that includes the second bin, |
| B is the number of unique barcodes across the plurality of bins, Nsis |
| the number of bins in A;, N is the number of bins in A, and A{is the |
| transpose of matrix A.. |
The first bin is associated with a first chromosome of the |

| biological sample, the second bin is associated with a second | | _ 752
| chromosome of the biological sample, N, is the number of bins

| associated with the first chromosome, and N; is the number of | |
| bins associated with the second chromosome. |

|

| |r The first and second bin are both associated with a first _i |

| | chromosome of the biological sample, N, is the number of bins | | 41— 754
| L _associated with the first chromosome, and N, equals N;. |“I

Compute a respective likelihood based upon a probability of occurrence of 756
a first model and a probability of occurrence of a second model regarding -

the one or more fragment pairs to thereby provide a likelihood of a
structural variation in the test nucleic acid. The first model specifies that the
respective first calculated fragments and the respective second calculated
fragments of the one or more fragment pairs are observed given no
structural variation in the target nucleic acid sequence and are part of a
common molecule. The second model specifies that the respective first
calculated fragments and the respective second calculated fragments of the
one or more fragment pairs are observed given structural variation in the
target nucleic acid sequence.

| The computed likelihood is computed as a ratio score between the I
| probability of occurrence of the first model and the probability of —
| occurrence of the second model.

- 758

Figure 7E
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756
/" (cont)
The computed likelihood is computed as
IR = P(observed fragments | SV)
~ (P(observed fragments | no SV)) 260

terms), where each respective term (i) represents a respective
fragment pair in the one or more fragment pairs and (ii) has the form:

P(rlirZ' ll; l2; d | SV, ab)
P(Tlf 2, ll; lz;d | no SV, ab)

| where ry is a number of sequence reads in the respective first subset of

| sequence reads in the first calculated fragment for the respective

| fragment pair, /; is a length of the first calculated fragment as
determined by the first subset of sequence reads of the respective
fragment pair, rz is @ number of reads in the respective second subset

I of sequence reads in the second calculated fragment for the respective
fragment pair, I, is a length of the second calculated fragment as

| determined by the second subset of sequence reads of the respective

fragment pair, d is a distance between the first calculated fragment and

| the second calculated fragment of the respective fragment pair in the

| test nucleic acid, a, is a read rate of the first barcode across the

| plurality of sequence reads, SV indicates the first calculated fragment

| and the second calculated fragment are observed in accordance with

| the first model, and no SV indicates the first calculated fragment and

| the second calculated fragment are observed in accordance with the

| second model.

I
I
I
I
LR is equal to a product of one or more terms (e.g., a plurality of :_/
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I

Figure 7F
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___________________________ 1 cont
PQy,m,l,1,d | noSV;a,) = ( )

|
P(ry,m, 1, 1, d | SM,no SV; a,)P(SM | no SV) |
|
|

+ P(r,m,l4,1,d | DM,no SV; a,)P(DM | no SV)

I

I

I

I

| where,
| SM is the hypothesis that the first calculated molecule L
I and the second calculated molecule originated from the same '
| fragment of the test nucleic acid in the plurality of sequence :
reactions,

: DM is the hypothesis that the first calculated molecule I
and the second calculated molecule originated from different |
| fragments of the test nucleic acid in the plurality of |
| sequencing reactions. I
| Prrag (1, by ap) is the probability of observing ry reads froma |
| second molecule of unknown length such that the reads span [
| an observed length of 11, and |
I is the probability of observing 7> reads from a I
| second molecule of unknown length such that the reads span |
| an ohserved length of 2.

Peag (r liag) and Prp o (1, 155 0, ) are each compuied as :_/_ 764
|
|
|
|
|
I
I
I
I

N m—
Z rir—1) (-!-;;) — B, (rymay )P {(m)

meom>l N

mm>l

where B, (r; b) is the probability mass function of a Poisson distribution

with parameter b, and P, (m) is the (pre-estimated) probability that the
true molecule length of the respective molecule is m.

|

|

|

|

| 2

| = z (m-10 Pp(r— 2 abl)Pp(O; ab(m—l))abPL(m)
|

|

|

|

P(ry,m, 14,15, d | SM,no SV; ap,) is computed as
(m—4L—bL -d)P,(r1 —2;a,11) B, (1,

mmz2ly+l,+d

— 2;ap12)By(0; a5 (m — Iy — 1)) ap Py (m)

where m is length of the true molecule length, B,(r; — 2;a,l)) is a
probability mass function of a Poisson distribution with parameter b for
r1, By (ry — 2;a,1y) and rz, B,(0; a,(m =y — 1)) are each probability
mass functions of a Poisson distribution with parameter b, and P, (m) is

Figure 7G
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The structural variation is an insertion or deletion of 50 consecutive I (cont)

I

| bases or more, 500 consecutive bases or more, or 5000 consecutive :

| bases or more, into the different portion of the test nucleic acid that is ]
I represented by the first set of sequence reads.

,— 768

| The different portion of the test nucleic acid of the first bin overlaps the :_,/' 770
different portion of the test nucleic acid represented by the second bin. |

|Atleast 50, 80 percent, or 95 percent of the different ~— ™| 11 772
portion of the test nucleic acid of the first bin overlaps the |
Ldifferent portion of the test nucleic acid of the second bin. |

i- The structural variation is a translocation of 50 consecutive bases or I

| more into the different portion of the test nucleic acid that is I

| represented by the first set of sequence reads from the different portion —— 774

| of the test nucleic acid that is represented by the second set of I

| sequence reads. I

The different portion of the test nucleic acid represented by the bin I
corresponding to the first set of sequence reads is from a first I
chromosome of the biological sample, and the different portion of the |
test nucleic acid represented by the bin corresponding to the second [
set of sequence reads is from a second chromosome of the biclogical |
I
I
|

776

I

I

I

I

I

| sample, where the second chromosome is other than the first
I chromosome.

I 1The first chromosome is a paternal chromosome and the | | 778
| ’ ]

I

I

I

I second chromosome is a maternal chromosome. |

=
The biological sample is human and the first I | 4+— 780
chromosome is any of chromosome 1-21. I I

| The structural variation is deemed to have occurred, the method further .:
| comprising treating a subject that originated the biological sample with I

| — 782
| a treatment regimen responsive to the structural variation. I

_____________________ A I
I The treatment regimen comprises a diet modification. |_——/|’ 784

|
I - |
_____________________ 5
: : The treatment regimen comprises application of a | [ - 786
I | pharmaceutical composition that inhibits a biological r’/r
I L pathway associated with the structural variation. | |
_____________________ I

| Maintaining a blackout list, the blackout list comprising a plurality of I

| blackout regions of the test nucleic acid, and the method further I 788
| comprises eliminating a sequence read, prior to the identifying, from the I——/

| number of respective sequence reads when the first portion of the |

| sequence read overlaps a blackout region in the plurality of blackout [

| regions. |

Figure 7H
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