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Identifying a first set of cell-free DNA molecules
from the plurality of cell-free DNA molecules as
having sizes greater than or equal to a cutoff
value

— 2115

Y

Determining a sequence of the first haplotype and
a sequence of the second haplotype from reads
corresponding to the first set of cell-free DNA
molecules

2120

Y

Aligning a second set of cell-free DNA molecules
from the plurality of cell-free DNA molecules to
the sequence of the first haplotype

2125

v

Aligning a third set of cell-free DNA molecules
from the plurality of cell-free DNA molecules to
the sequence of the second haplotype

2130

v

Measuring a first value of a parameter using the
second set of cell-free DNA molecules

2135

Y

Measuring a second value of the parameter using
the third set of cell-free DNA molecules

— 2140

Y

Comparing the first value to the second value

2145

Y

Determining a likelihood of the fetus inheriting the
first haplotype based on the comparison of the
first value to the second value

— 2150
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Methylation patterns for molecules across tissues
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Chromosome Number of marker regions
1 22418
2 20311
3 14559
4 15700
S 15363
6 12758
7 15108
8 15172
9 11742
10 13914
11 13545
12 13697
13 10449
14 9523
15 7132
16 13962
17 11177
18 8186
19 15622
20 8264
21 5960
22 7004
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Classification based | Percentage of
on the single- DNA
Percentage of buffy coat molecule methylation | molecules
DNA molecules having pattern with correct
a mismatch score of Not classification
greater than 0.3 (%) Placenta- | specific (%)
specific for
placenta
Plasma DNA molecules
covering a fetal-specific 24 17 58.5
allele
> 60 Plasma DNA molecules
covering a maternal- 63 597 90.5
specific allele
Plasma DNA molecules
covering a fetal-specific 23 14 62.2
allele
70 Plasma DNA molecules
covering a maternal- 53 550 91.2
specific allele
Plasma DNA molecules
covering a fetal-specific 20 13 60.6
> 75 allele
Plasma DNA molecules
covering a maternal- 45 493 91.6
specific allele
Plasma DNA molecules
covering a fetal-specific 17 11 60.7
allele
> 80 Plasma DNA molecules
covering a maternal- 34 433 92.7
specific allele
Plasma DNA molecules
covering a fetal-specific 14 11 56.0
allele
=8 Plasma DNA molecules
covering a maternal- 21 342 94.2
specific allele
Plasma DNA molecules
covering a fetal-specific 9 7 56.3
> 90 allele
Plasma DNA molecules
covering a maternal- 10 209 95.4
specific allele
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Cell-free DNA in a
pregnant woman

S

Single molecule real-
time sequencing

Long plasma DNA
molecules

g

Methylation haplotype deduction

The fetal inheritance analysis
according to the placenta-specific
methylation haplotype
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Genotypes in the Methylation F}attﬁiﬂjg inthe
maternal genome placenta, e.g. obtaining from
previously sequenced results
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Maternal Proband genotypes
genotypes {male, affected by the fragile X disease)
Genomic | |
positions @ . A/;G' A
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Methylation profile of placenta tissue (BS-seq)
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No. of CpG sites No. of regions Proportion {%)
21 CpG sites 5,333,526 86.14
22 CpG sites 4,534,728 73.24
23 CpG sites 3.604 867 58.22
24 CpG sites 2.782,129 44 .94
25 CpG sites 2,141,548 34.59
26 CpG sites 1.668.019 26.94
27 CpG sites 1.317.812 21.28
28 CpG siles 1.052.634 17.00
29 CpG sites 847,632 13.69

210 CpG sites 685,932 11.08

FIG. 35
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No. of CpG sites No. of regions Proportion (%)
21 CpG sites 2.837.927 91.67
22 CpG sites 2,752,954 88.93
23 CpG sites 2,587,701 83.58
24 CpG sites 2,353,438 76.02
25 CpG sites 2,085412 67.37
26 CpG sites 1,817,052 58.70
27 CpG sites 1,570,860 50.74
28 CpG sites 1,356,211 43.81
29 CpG sites 1,173,199 37.90
210 CpG sites 1,018,695 32.91

FIG. 36
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No. of CpG sites No. of regions Proportion (%)
21 CpG sites 953,995 92.45
22 CpG sites 953,934 92.45
23 CpG sites 953,690 92.42
24 CpG sites 953,021 92.36
25 CpG sites 951,431 92.20
26 CpG sites 948,049 91.87
27 CpG sites 941,929 91.28
28 CpG sites 932,143 90.33
29 CpG sites 918,007 88.96
210 CpG sites 898,679 87.09

FIG. 37
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Hematopoietic cell

Placental contribution

Sample contribution (%) Liver contribution (%) %)

M13323 59.31 12.1 28.6
M13324 53.12 14.61 32.27
M13315 55.15 16.16 28.69
M13318 57.26 14.28 28.47
M13211 55.4 15.58 29.02
M13230 49.41 18.51 32.09
M13304 55.03 14.57 30.39
M13199 55.86 13.55 30.59
M13198 57.72 12.46 29.82
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4000 Receiving reads corresponding to a plurality of 4010
2 cell-free DNA molecules
Measuring sizes of the plurality of cell-free DNA 4020
molecules
Identifying a first set of cell-free DNA molecules
from the plurality of cell-free DNA molecules as |——— 4030
having sizes greater than or equal to a cutoff
value
Y
/ Determining a methylation status at each site of a
plurality of sites 4040
- B l
<ZE S § Determining a methylation pattern 4050
[
oonl
E52 —
820
3 o
g § 2 Comparing the methylation pattern to one or more |——— 4060
L 2= reference patterns
8
Determining a tissue of origin of the cell-free DNA 4070

\ molecule using the methylation pattern
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First trimester Second trimester
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Rank Rank Frequency | Frequency

Motif in short in long in short in long Fold change

fragments | fragments | fragments | fragments (A/B)

(£500bp) | (>500bp) | (%) (A) (%) B)
CCCA 1 16 2.12 1.15 1.84
CCTG 2 17 1.67 1.10 1.52
CCAG 3 29 1.46 0.74 1.98
CCTC 4 7 1.35 1.43 0.94
CCTT 5 3 1.31 1.96 0.67
CCAA 6 30 1.26 0.74 1.70
AAAA 7 28 1.23 0.74 1.66
CCAC 8 38 1.07 0.68 1.57
CCCT 9 23 1.04 0.87 1.19
GCCT 10 10 1.03 1.29 0.80
CCAT 11 27 0.98 0.75 1.31
GCCA 12 33 0.97 0.72 1.35
CCCC 13 51 0.97 0.59 1.64
GCTG 14 19 0.97 1.01 0.95
GGAG 15 72 0.95 0.46 2.07
GGAA 16 49 0.93 0.61 1.52
CAAA 17 58 0.92 0.55 1.67
GAAA 18 43 0.86 0.66 1.30
TGTG 19 84 0.84 0.40 2.12
GCTT 20 2 0.83 2.30 0.36
TGTT 21 65 0.82 0.51 1.61
GGCT 22 15 0.82 1.17 0.70
CCTA 23 36 0.82 0.69 1.18
GGTG 24 48 0.81 0.61 1.33
CACA 25 40 0.81 0.67 1.20

FIG. 53
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Rank Rank Frequency | Frequency Fold
. in short in long in short in long
Motif change
fragments | fragments | fragments | fragments (A/B)
(£500bp) | =500bp) | () (A) | (%) (B)

CCCA 1 4 2.12 1.49 1.42
CCTG 2 7 1.69 1.30 1.30
CCAG 3 13 1.49 1.03 1.44
CCTC 4 5 1.28 1.33 0.96
CCTT 5 2 1.28 1.73 0.74
CCAA 6 16 1.26 0.97 1.31
AAAA 7 26 1.26 0.84 1.50
CCAC 8 28 1.07 0.82 1.31
CCCT 9 19 1.06 0.92 1.15
CCAT 10 22 1.00 0.88 1.14
GCCT 11 8 0.99 1.16 0.85
GGAG 12 46 0.97 0.63 1.54
CCCC 13 38 0.97 0.68 1.42
GCCA 14 25 0.97 0.86 1.12
CAAA 15 35 0.95 0.71 1.34
GCTG 16 14 0.94 1.01 0.93
GGAA 17 34 0.92 0.71 1.30
GAAA 18 31 0.89 0.75 1.18
TGTG 19 55 0.88 0.56 1.57
TGTT 20 48 0.85 0.61 1.40
CACA 21 32 0.82 0.75 1.09
CCTA 22 29 0.82 0.78 1.04
GCAG 23 47 0.81 0.62 1.32
TGAG 24 75 0.81 0.45 1.79
GGTG 25 40 0.80 0.66 1.21
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Rank

Rank

Frequency

Frequency

Motif in short in long in short in long cllj;)rllge
fragments | fragments | fragments fragments (A/B)
(£500bp) | (=500bp) | (%) (A) (%) (B)
CCCA | 6 221 1.40 1.58
CCTG 2 7 1.80 1.28 1.40
CCAG 3 17 1.53 0.98 1.57
CCTC 4 4 1.39 1.40 0.99
CCTT 5 3 1.28 1.68 0.77
CCAA 6 22 1.26 0.89 1.42
CCAC 7 26 1.13 0.80 1.41
AAAA 8 29 1.12 0.76 1.47
CCCT 9 25 1.06 0.84 1.26
GCCA 10 24 1.05 0.87 1.21
GCCT 11 8 1.04 1.23 0.85
GGAG 12 46 1.02 0.63 1.63
CCCC 13 44 1.00 0.64 1.57
GCTG 14 14 0.98 1.03 0.95
CCAT 15 27 0.97 0.78 1.24
GGAA 16 35 0.95 0.72 1.32
GGCT 17 12 0.87 1.09 0.80
GGTG 18 38 0.87 0.70 1.24
GGCA 19 33 0.86 0.72 1.19
CAAA 20 42 0.86 0.64 1.33
TGTG 21 62 0.85 0.51 1.67
GAAA 22 34 0.83 0.72 1.15
GCTT 23 2 0.82 1.88 0.44
CACA 24 31 0.82 0.74 1.11
CCTA 25 32 0.82 0.74 1.11
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.Rank . Rank Fr.equency Fl.requency Fold

Motif | ™ long in short in long in short change
fragments | fragments | fragments | fragments (A/B)
(>500bp) | (£500bp) | (D) (A) | (%) (B)

ACTT 1 39 2.99 0.63 4.76
GCTT 2 20 2.30 0.83 2.76
CCTT 3 5 1.96 1.31 1.50
GTTT 4 40 1.77 0.63 2.82
ACCT 5 56 1.48 0.56 2.63
ACTG 6 53 1.47 0.57 2.57
CCTC 7 4 1.43 1.35 1.06
ACTC 8 76 1.34 0.48 2.79
GATT 9 83 1.29 0.46 2.81
GCCT 10 10 1.29 1.03 1.26
CTTT 11 31 1.24 0.69 1.79
AGTT 12 102 1.21 0.41 2.99
CATT 13 32 1.21 0.69 1.75
ACAT 14 75 1.17 0.48 242
GGCT 15 22 1.17 0.82 1.43
CCCA 16 1 1.15 2.12 0.54
CCTG 17 2 1.10 1.67 0.66
GGTT 18 36 1.09 0.65 1.69
GCTG 19 14 1.01 0.97 1.05
GCTC 20 49 0.99 0.58 1.70
ATTT 21 139 0.98 0.30 3.23
ACCA 22 43 0.97 0.61 1.60
CCCT 23 9 0.87 1.04 0.84
GAAT 24 34 0.82 0.67 1.23
CTTC 25 80 0.81 0.47 1.74
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Rank Rank Frequency | Frequency

Motif in long in short in long in short | Fold change

fragments | fragments | fragments | fragments (A/B)

(>500bp) | (=500bp) | (") (A) (%0) (B)
ACTT 1 64 2.01 0.54 3.75
CCTT 2 5 1.73 1.28 1.35
GCTT 3 29 1.68 0.76 2.20
CCCA 4 1 1.49 2.12 0.70
CCTC 5 4 1.33 1.28 1.04
GTTT 6 46 1.32 0.59 2.25
CCTG 7 2 1.30 1.69 0.77
GCCT 8 11 1.16 0.99 1.17
ACCT 9 66 1.15 0.53 2.17
ACTG 10 63 1.09 0.54 2.02
CTTT 11 32 1.07 0.69 1.56
CATT 12 31 1.05 0.69 1.52
CCAG 13 3 1.03 1.49 0.69
GCTG 14 16 1.01 0.94 1.07
ACTC 15 94 1.00 0.43 232
CCAA 16 6 0.97 1.26 0.77
GGCT 17 26 0.96 0.79 1.21
GATT 18 89 0.93 0.43 2.13
CCCT 19 9 0.92 1.06 0.87
ACAT 20 79 0.92 0.47 1.98
ACCA 21 44 0.88 0.60 1.47
CCAT 22 10 0.88 1.00 0.88
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'Rank 'Rank F requency F requency Fold

Mofif in long n short in long in short change
fragments | fragments | fragments fragments (A/B)
(>500bp) | (=500Dbp) | (%) (A) (%) (B)

ACTT 1 57 2.06 0.57 3.61
GCTT 2 23 1.88 0.82 229
CCTT 3 5 1.68 1.28 1.30
CCTC 4 4 1.40 1.39 1.01
GTTT 5 49 1.40 0.59 2.40
CCCA 6 1 1.40 2.21 0.63
CCTG 7 2 1.28 1.80 0.71
GCCT 8 11 1.23 1.04 1.18
ACTG 9 47 1.20 0.59 2.05
ACCT 10 59 1.18 0.56 2.09
ACTC 11 78 1.12 048 2.36
GGCT 12 17 1.09 0.87 1.25
CTTT 13 41 1.04 0.61 1.71
GCTG 14 14 1.03 0.98 1.05
CATT 15 34 1.00 0.64 1.57
GATT 16 92 0.99 0.43 2.30
CCAG 17 3 0.98 1.53 0.64
GGTT 18 33 0.95 0.64 1.49
ACAT 19 80 0.92 0.46 1.99
GCTC 20 40 0.92 0.61 1.50
AGTT 21 115 091 0.37 2.46
CCAA 22 6 0.89 1.26 0.70

FIG. 58
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Measuring sizes of the plurality of cell-free DNA
molecules

6020

l

Measuring a first amount of cell-free DNA
molecules having sizes greater than a cutoff value

6030

l

Generating a value of a normalized parameter
using the first amount

6040

l

Comparing the value of the normalized parameter
to one or more calibration data points

6050

l

Determining a gestational age using the
comparison

6060

FIG. 60
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6100

<

Measuring sizes of the plurality of cell-free DNA 6120
molecules
Measuring a first amount of cell-free DNA — 6130
molecules having sizes greater than a cutoff value

'

Generating a first value of a normalized — 6140
parameter using the first amount

'

Obtaining a second value corresponding to an
expected value of the normalized parameter for a
healthy pregnancy

'

Determining a deviation between the first value of
the normalized parameter and the second value
of the normalized parameter

'

Determining a classification of a likelihood of a
pregnancy-associated disorder using the
deviation

6150

— 6160

—— 6170
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Case number Gestational age at Fetal sex Clinical information
blood sampling
(week)

M12804 34 3/7 F Severe PET with pre-
existing IgA
nephropathy

M12873 37 M Chronic hypertension

with superimposed
mild PET

M12876 36 F Severe late-onset PET

M12903 355/7 M Severe late-onset PET

with [UGR

FIG. 62
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Wilcoxon rank sum test
P value = 0.016

Size ratio

Normal thifd trimester PET
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Measuring sizes of the plurality of cell-free DNA
molecules

— 7810

l

Identifying a set of cell-free DNA molecules
having sizes greater than a cutoff value

7820

Generating a value of an end parameter using a
first amount

— 7830

l

Comparing the value of the end motif parameter
to a threshold value

—— 7840

l

Determining a classification of a likelihood of a
pregnancy-associated disorder using the
comparison

7850

FIG. 78
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Cell-free DNA in pregnancy
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SMRT sequencing 7905
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Repeat expansion Repeat types No. of repeats No. of repeats Genetic Gene names Patterns of
related diseases in normal in diseased locations inheritance
subjects subjects related
to
repeats

Spinocerebellar CAG 6-39 41-83 CDS ataxin 1 autosomal
Ataxia 1 dominant
Spinocerebellar CAG <31 33200 CDS ataxin 2 autosomal
Ataxia 2 dominant
Spinocerebellar CAG <44 52-86 CDS ataxin 3 autosomal
Ataxia 3 dominant
Spinocerebellar CAG <18 20-33 CDS calcium autosomal
Ataxia 6 channel, dominant

voltage-

dependent, P/Q

type, alpha 1A

subunit
Spinocerebellar CAG <28 >36 CDS ataxin 7 autosomal
Ataxia 7 dominant
Spinocerebellar CAG 25-44 47-63 CDS TATA box autosomal
Ataxia 17 binding protein | dominant
Spinal and Bulbar CAG <34 >38 CDS androgen x-linked
Muscular Atrophy receptor recessive
Dentatorubral- CAG 6-35 49-88 CDS atrophin 1 autosomal
Pallidoluysian dominant
Atrophy, Naito-
Ovanagi Disease
Huntington CAG 9-29 36-121 CDS huntingtin autosomal
Disease dominant
Spinocerebellar CAG 15-50 71-1300 CDS Ataxin 8 autosomal
Ataxia 8 dominant
Spastic Paraplegia | CAG <16 >60 CDS spastin autosomal
4, Autosomal dominant
Dominant
Epiphyseal GAC 5 6-7 CDS cartilage Autosomal
Dysplasia, oligomeric dominant
Multiple, 1 matrix protein
Vacterl GCC 10 12 CDS Zic family x-linked
Association, X- member 3 recessive
linked, with or x-linked
without recessive
Hydrocephalus
Neuropathy, GCC 12 18-19 CDS PR/SET autosomal
Hereditary Sensory domain 12 recessive
and Autonomic,
Type VIII
Oculopharyngeal GCG 16 12-17 CDS poly(A) autosomal
Muscular binding dominant
Dystrophy protein,

nuclear 1
Synpolydactyly 1 GCG 15 22-29 CDS homeobox D13 | autosomal

dominant

Hand-Foot-Genital | GCG 18 24-26 CDS homeobox Al3 | autosomal
Syndrome dominant
Epileptic GCG 10-16 17-23 CDS aristaless x-linked
Encephalopathy, related recessive
Early Infantile, 1 homeobox
Partington X- GCG N/A 24-bp CDS aristaless x-linked
Linked Mental duplication related recessive
Retardation homeobox
Syndrome
Central GCG 20 24-33 CDS paired-like autosomal
Hypoventilation homeobox 2b dominant
Syndrome,
Congenital
Holoprosencephaly | GCG 15 25 CDS Zic family autosomal
5 member 2 dominant

FIG. 81
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Repeat expansion Repeat types No. of repeats No. of repeats | Genetic Gene names Patterns of
related diseases in normal in diseased location inheritance
subjects subjects s related
to
repeats
Blepharophimosis, GCG 14 22-24 CDS forkhead box L2 | autosomal
Ptosis, and dominant
Epicanthus Inversus
Syndrome
Cleidocranial GCN 17 27 CDS runt-related autosomal
Dysplasia transcription dominant
factor 2
Mental Retardation, GCN 11 15-26 CDS SRY-box 3 x-linked
X-linked recessive
Spinocerebellar CAG 7-32 51-78 5'UTR protein autosomal
Ataxia 12 phosphatase 2, dominant
regulatory
subunit B, beta
Myoclonic Epilepsy CCCCGCCCCGC 2-3 30-75 5'UTR cystatin B autosomal
of Unverricht and G recessive
Lundborg
Mental Retardation, CGG 4-39 >200 5'UTR AF4/FMR2 x-linked
X-Linked, Associated family member 2 | recessive
with Fragile Site
Fraxe
Jacobsen Syndrome CCG 11 >100 5'UTR Cbl proto- isolated
oncogene cases
Fragile X CGG <55 >200 5'UTR fragile X mental | x-linked
Tremor/ataxia retardation 1 dominant
Syndrome
Fragile X Mental CGG 6-52 231-2000 5'UTR fragile X mental | X-linked
Retardation retardation 1 dominant
Syndrome
Premature Ovarian CGG 7-40 55-200 45-54 5'UTR FMRI fragile X | x-linked
Failure 1 mental inheritance
retardation 1
Mental retardation, CGG 12-26 >150 5'UTR DIP2 disco- autosomal
FRAI12A type interacting dominant
protein 2
homolog B
Oculopharyngodistal | CGG 13-45 >51 5'UTR LDL receptor autosomal
Myopathy related protein dominant
12
Oculopharyngeal CGG 11-16 >52 5'UTR NOTCH2NLC autosomal
Myopathy with dominant
Leukoencephalopath
y
Robin Sequence with | CACA/CGCA 3-12 14-16 5'UTR eukaryotic autosomal
Cleft Mandible and translation recessive
Limb Anomalies initiation factor
4A3
Myotonic Dystrophy | CTG 5-37 50-5,000 3'UTR DM1 protein autosomal
1 kinase dominant
Huntington Disease- CTG 6-28 >41 3'UTR junctophilin 3 autosomal
Like 2 dominant
Oculopharyngeal CGG <7 >37 exon NUTM2B-AS1 autosomal
Myopathy with dominant
Leukoencephalopath
Y
Spinocerebellar CTG 15-34 90-250 exon ATXNS autosomal
Ataxia 8 opposite strand dominant
Spinocerebellar ATTCT 10-29 400-4500 intron 9 ataxin 10 autosomal
Ataxia 10 dominant
Spinocerebellar ATTTC <30 46-71 intron DABI; reelin autosomal
Ataxia 37 11 adaptor protein dominant
Myotonic Dystrophy | CCTG <30 75-11,000 intron 1 CCHC-type zinc | autosomal
2 finger nucleic dominant
acid binding
protein

FIG. 82
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Repeat expansion Repeat types No. of repeats in No. of repeats in | Genetic Gene names Patterns of
related diseases normal subjects diseased subjects | locations inheritance
related to
repeats

Fuchs Endothelial CTG <40 >50 intron 3 transcription factor autosomal
Corneal Dystrophy 4 dominant
Duchenne Muscular GAA 11-33 59-82 intron 62 dystrophin x-linked
Dystrophy recessive
Friedreich Ataxia 1 GAA 5-30 >70 intron 1 frataxin autosomal

recessive
Spinocerebellar GGCCTG 3-14 650-2500 intron 4 NOP356 autosomal
Ataxia 36 ribonucleoprotein dominant
Frontotemporal GGGGCC 2-19 250-1600 intron 1 chromosome 9 open | autosomal
Degeneration and reading frame 72 dominant
Amyotrophic Lateral
Sclerosis
Spinocerebellar TGGAA 26 25-3.8kb intron 1 brain expressed, autosomal
Ataxia 31 associated with dominant

NEDD4, 1
Familia] Adult TTTCA/TTTITA 7-20 440-3680 intron sterile alpha motif autosomal
Myoclonic Epilepsy-1 domain containing dominant
12

Benign Adult TTTTA/TTTCA 18 >22 intron Trinucleotide repeat | autosomal
Familial Myoclonic containing 6A dominant
Epilepsy 6
Benign Adult TTTTA/TTTCA 12 >22 intron Rap guanine autosomal
Familial Myoclonic nucleotide exchange | dominant
Epilepsy 7 factor 2

FIG. 83
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Receiving a first sequence read corresponding to
a cell-free DNA molecule of cell-free DNA
molecules

—— 8510

l

Aligning the first sequence read to a region of a
reference genome, the region known to potentially
include repeats of a subsequence

8520

i

Identifying a number of repeats of the
subsequence in the first sequence read
corresponding to the cell-free DNA molecule

— 8530

l

Comparing the number of repeats of the
subsequence to a threshold number

8540

l

Determining a classification of a likelihood of the
fetus having the genetic disorder using the
comparison of the number of repeats to the

threshold number

8550

FIG. 85
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Receiving a first sequence read corresponding to
a cell-free DNA molecule of cell-free DNA
molecules

8610

'

Aligning the first sequence read to a first region of
a reference genome

8620

'

ldentifying a first number of repeats of a first
subsequence in the first sequence read
corresponding to the cell-free DNA molecule

—— 8630

l

Analyzing sequence data obtained from a male
subject to determine whether a second number of
repeats of the first subsequence is present in the

first region

8640

'

Determining a classification of a likelihood of the
male subject being the father of the fetus using
the determination of whether the second number
of repeats of the first subsequence is present

8650

FIG. 86
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