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DESCRIPTION

[0001] The present invention relates generally to analyzing a fetal genome based on a maternal sample,
and more particularly to determining all or parts of the fetal genome based on an analysis of genetic
fragments in the maternal sample.

[0002] The discovery of cell-free fetal nucleic acids in maternal plasma in 1997 has opened up new
possibilities for noninvasive prenatal diagnosis (Lo YMD et al Lancet 1997; 350: 485-487; and US Patent
6,258,540). This technology has been rapidly translated to clinical applications, with the detection of fetal-
derived, paternally-inherited genes or sequences, e.g. for fetal sex determination, fetal RhD status
determination, and determination of whether the fetus has inherited a paternally-inherited mutation
(Amicucci P et al Clin Chem 2000; 46: 301-302; Saito H et al Lancet 2000; 356: 1170; and Chiu RWK et al
Lancet 2002; 360: 998-1000). Recent progress in the field has enabled the prenatal diagnosis of fetal
chromosomal aneuploidies, such as trisomy 21, from maternal plasma nucleic acid analysis (Lo YMD et al
Nat Med 2007; 13: 218-223; Tong YK et al Clin Chem 2006; 52: 2194-2202; US Patent publication
2006/0252071; Lo YMD et al Proc Natl Acad Sci USA 2007; 104: 13116-13121; Chiu RWK et al Proc Natl
Acad Sci USA 2008; 105: 20458-20463; Fan HC et al Proc Natl Acad Sci 2008; 105: 16266-16271; US
Patent publication 2007/0202525; and US Patent publication 2009/0029377).

[0003] Another area of significant recent progress is the use of single molecule counting methods, such
as digital PCR, for the noninvasive prenatal diagnosis of single gene diseases in which the mother and
father both carry the same mutation. This has been achieved by relative mutation dosage (RMD) analysis
in maternal plasma (US Patent application 2009/0087847; Lun FMF et al Proc Natl Acad Sci USA 2008;
105: 19920-19925; and Chiu RWK et al. Trends Genet 2009; 25: 324-331).

[0004] US 2004/137470 discloses a non-invasive method for the detection of chromosomal abnormalities
in a fetus. Chiu et al (Trends in Genetics, Elsevier Science Publishers, vol. 25, no. 7, pages 324-331)
discloses analytical methods for non-invasive detection of fetal mongenic diseases and chromosomal
aneuploidies.

[0005] Lun et al (Proceedings of the National Academy of Sciences of the United States of America, vol.
105, no. 50, pages 19920-19925) discloses a digital relative mutation dosage approach for noninvasive
prenatal diagnosis of monogenic diseases.

[0006] Lo (Annals of the New York Academy of Sciences, New York Academy of Sciences, US, 27 August
2007, pages 140-143) discusses different approaches to allow circulating fetal nucleic acids to be used for
the prenatal detection of chromosomal aneuploidies.

[0007] However, such methods use prior knowledge of possible mutations to analyze specific parts of a
genome, and thus may not identify latent or uncommon mutations or genetic diseases. Therefore, it is
desirable to provide new methods, systems, and apparatus that can identify all or parts of a fetal genome
using non-invasive techniques.

[0008] According to an aspect of the invention there is provided a method of determining a fractional
concentration of fetal DNA in a biological sample taken from a pregnant female with a fetus, the fetus
having a father and a mother being the pregnant female, the mother having a maternal genome, the fetus
having a fetal genome, wherein the biological sample contains a mixture of maternal and fetal nucleic
acids. The method comprises analyzing a plurality of nucleic acid molecules from the biological sample,
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wherein analyzing a nucleic acid molecule includes: identifying a location of the nucleic acid molecule in
the human genome; and determining a respective allele of the nucleic acid molecule. The method further
comprises determining one or more first loci, wherein the fetal genome is heterozygous at each first loci
such that the fetal genome has a respective first and second allele at that first loci, and wherein the
maternal genome is homozygous at each first loci such that the maternal genome has two of the
respective second allele at that first loci, the first allele being different than the second allele, wherein
determining a specific locus to be one of the one or more first loci includes: determining a cutoff value for
a number of predicted counts of the respective first allele at the specific locus, the cutoff value predicting
whether the maternal genome is homozygous and the fetal genome is heterozygous, wherein the cutoff
value is determined based on a statistical distribution of numbers of counts for different combinations of
homozygosity and heterozygosity at the specific locus; based on the analysis of the plurality of nucleic
acid molecules, detecting the respective first allele and the respective second allele at the specific locus;
determining a number of actual counts of the respective first allele based on the analysis of the plurality of
nucleic acid molecules from the biological sample; and determining the specific locus is one of the first loci
when the number of actual counts is less than the cutoff value. The method further comprises for at least
one of the first loci: determining a first number P of counts of the respective first allele and a second
number Q of counts of the respective second allele; and calculating the fractional concentration based on
the first and second numbers.

[0009] Other embodiments of the invention are directed to systems, apparatus, and computer readable
media associated with methods described herein. In one embodiment, the computer readable medium
contains instructions for receiving data and analyzing data, but not instructions for directing a machine to
create the data (e.g. sequencing nucleic acid molecules). In another embodiment, the computer readable
medium does contain instructions for directing a machine to create the data. In one embodiment, a
computer program product comprises a computer readable medium storing a plurality of instructions for
controlling a processor to perform an operation for methods described herein. Embodiments are also
directed to computer systems configured to perform the steps of any of the methods described herein,
potentially with different components performing a respective step or a respective group of steps.

[0010] Reference to the remaining portions of the specification, including the drawings and claims, will
realize other features and advantages of embodiments of the present invention. Further features and
advantages, as well as the structure and operation of various embodiments of the present invention, are
described in detail below with respect to the accompanying drawings. In the drawings, like reference
numbers can indicate identical or functionally similar elements.

FIG. 1 is a flowchart of a method 100 of determining at least a portion of the genome of an unborn fetus
of a pregnant female according to embodiments of the present invention.

FIG. 2 shows two haplotypes for the father and two haplotypes for the mother for a particular segment of
their respective genomic code according to embodiments of the present invention.

FIG. 3 shows the two types of SNPs in the parental haplotypes of FIG. 2 according to embodiments of the
present invention.

FIGS. 4A and 4B shows an analysis for determining the fetal haplotypes for the two types of SNPs
according to embodiments of the present invention.

FIGS. 5A and 5B shows the analysis of comparing relative amounts (e.g. counts) of fragments for each
locus and whether a result of the comparison is to classify a particular haplotype as being inherited or not
according to embodiments of the present invention.
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FIG. 6 illustrates the effect of changing the likelihood ratio for SPRT classification according to
embodiments of the present invention.

FIG. 7 is a flowchart of a method 700 of determining at least a portion of the genome of an unborn fetus
of a pregnant female inherited from the father according to embodiments of the present invention.

FIG. 8 is a flowchart of a method 800 for determining at least a portion of the genome of an unborn fetus
in a region where the mother and father are heterozygous according to embodiments of the present
invention.

FIG. 9 shows haplotypes of a father and mother that are both heterozygous in a particular genomic region
according to embodiments of the present invention.

FIG. 10 is a flow chart illustrating a method 1000 for determining fractional concentration of fetal material
in a maternal sample according to embodiments of the present invention.

FIG. 11 is a flowchart of a method for determining whether a locus is informative according to
embodiments of the present invention.

FIG. 12A and 12B show the predicted distribution of the counts for allele T (the less abundant allele in
scenarios (a) and (c)) for the three scenarios with an assumed fractional fetal DNA concentration of 20%
and 5%, respectively, according to embodiments of the present invention.

FIGS. 13A, 13B, and 14 show the predicted distributions for the counts of the less abundant allele for a
fractional fetal DNA concentration of 20%, each for different total counts of molecules corresponding to a
SNP according to embodiments of the present invention.

FIG. 15A and 15B shows examples of reference haplotypes, parental haplotypes taken from the
reference haplotypes, and a resulting fetal haplotypes according to embodiments of the present invention.

FIG. 16 is a flowchart of a method 1600 for determining at least part of a fetal genome when a set of
reference haplotypes are known, but the parental haplotypes are not known, according to embodiments
of the present invention.

FIG. 17 shows an example of determining informative loci from analysis of DNA fragments from a
maternal sample according to embodiments of the present invention.

FIG. 18 shows the three reference haplotypes (Hap A, Hap B and Hap C) and the paternal alleles.

FIG. 19 shows the determination of the parental haplotype from the paternal alleles according to
embodiments of the present invention.

IG. 20 shows the deduction of the maternal genotypes form the maternal sample analysis according to
embodiments of the present invention.

FIG. 21 shows an embodiment for determining the maternal haplotypes from the maternal genotypes and
the reference haplotypes according to embodiments of the present invention.

FIG. 22 shows the determined maternal haplotypes and the paternally inherited haplotype according to
embodiments of the present invention.

FIG. 23 shows the different types of loci (alpha (A) and beta (B)) for the maternal haplotypes relative to
the paternal haplotype according to embodiments of the present invention.

FIG. 24 is a flowchart illustrating a method 2400 of identifying a de novo mutation in the genome of an



DK/EP 3783110 T3

unborn fetus of a pregnant female.

FIG. 25A shows the absolute number and the percentages of SNPs showing different genotype
combinations for the father, mother and fetus (CVS) according to embodiments of the present invention.

FIG. 25B shows a table listing the alignment statistics of the first 20 flow cells.

FIG. 26 is a table showing the fractional concentrations of fetal DNA calculated for SNPs via two methods
according to embodiments of the present invention.

FIG. 27A shows a plot illustrating the observed percentage of SNPs in this subset in which a fetal allele
could be seen from the sequencing data for the first 20 flow cells analyzed, and FIG. 27B shows a plot of
the coverage vs. the number of reads according to embodiments of the present invention.

FIG. 28A and 28B shows plots of the correlation between the coverage of paternally-inherited alleles and
the number of mappable sequence reads and the number of flow cells sequences, respectively, according
to embodiments of the present invention.

FIG. 29A shows the correlation between the false-positive rate and the number of flow cells sequenced,
and FIG. 29B shows the correlation between false-positive rate and the number of flow cells sequenced
according to embodiments of the present invention.

FIG. 30 shows the coverage of the fetal-specific SNPs for different number of flow cells analyzed
according to embodiments of the present invention.

FIG. 31 shows the accuracy of Type A analysis when data from 10 flow cells were used according to
embodiments of the present invention.

FIG. 32 shows the accuracy of Type B analysis when data from 10 flow cells were used according to
embodiments of the present invention.

FIG. 33 shows the accuracy of Type A analysis when the data from 20 flow cells were used according to
embodiments of the present invention.

FIG. 34 shows the accuracy of Type B analysis when the data from 20 flow cells were used according to
embodiments of the present invention.

FIG. 35A and 35B show reads with a mutations and with a wildtype sequence at codons 41/42 according
to embodiments of the present invention.

FIG. 36 shows a table of a Type A RHDO analysis while those of the Type B RHDO analysis are shown in
FIG. 37 according to embodiments of the present invention.

FIGS. 38A and 38B shows the SPRT classification results for case PW226 as an example.

FIG. 39 shows a table summarizing the RHDO analysis results for the five cases according to
embodiments of the present invention.

FIG. 40 shows a plot of sequencing depth against the number of flow cells sequenced according to
embodiments of the present invention.

FIG. 41shows a plot of the sizes of the fetal and total sequences for the whole genome, and FIG. 42A-
42C shows similar plots individually for each chromosome according to embodiments of the present
invention.
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FIG. 43 shows a block diagram of an example computer system 4300 usable with system and methods
according to embodiments of the present invention.

[0011] The term "biological sample” as used herein refers to any sample that is taken from a subject (e.g.,
a human, such as a pregnant woman) and contains one or more nucleic acid molecule(s) of interest.

[0012] The term "nucleic acid” or "polynucleotide"” refers to a deoxyribonucleic acid (DNA) or ribonucleic
acid (RNA) and a polymer thereof in either single- or double-stranded form. Unless specifically limited, the
term encompasses nucleic acids containing known analogs of natural nucleotides that have similar
binding properties as the reference nucleic acid and are metabolized in a manner similar to naturally
occurring nucleotides. Unless otherwise indicated, a particular nucleic acid sequence also implicitly
encompasses conservatively modified variants thereof (e.g., degenerate codon substitutions), alleles,
orthologs, SNPs, and complementary sequences as well as the sequence explicitly indicated. Specifically,
degenerate codon substitutions may be achieved by generating sequences in which the third position of
one or more selected (or all) codons is substituted with mixed-base and/or deoxyinosine residues (Batzer
et al., Nucleic Acid Res. 19:5081 (1991); Ohtsuka et al., J. Biol. Chem. 260:2605-2608 (1985); and
Rossolini et al., Mol. Cell. Probes 8:91-98 (1994)). The term nucleic acid is used interchangeably with
gene, cDNA, mRNA, small noncoding RNA, micro RNA (miRNA), Piwi-interacting RNA, and short hairpin
RNA (shRNA) encoded by a gene or locus.

[0013] The term "gene” means the segment of DNA involved in producing a polypeptide chain or
transcribed RNA product. It may include regions preceding and following the coding region (leader and
trailer) as well as intervening sequences (introns) between individual coding segments (exons).

[0014] The term “clinically relevant nucleic acid sequence” (also referred to as a target sequence or
chromosome) as used herein can refer to a polynucleotide sequence corresponding to a segment of a
larger genomic sequence whose potential imbalance is being tested or to the larger genomic sequence
itself. One example is the sequence of chromosome 21. Other examples include chromosome 18, 13, X
and Y. Yet other examples include mutated genetic sequences or genetic polymorphisms or copy number
variations that a fetus may inherit from one or both of its parents, or as a de novo mutation in the fetus. In
some embodiments, multiple clinically relevant nucleic acid sequences, or equivalently multiple makers of
the clinically relevant nucleic acid sequence, can be used to provide data for detecting the imbalance. For
instance, data from five non-consecutive sequences on chromosome 21 can be used in an additive
fashion for the determination of possible chromosomal 21 imbalance, effectively reducing the needed
sample volume to 1/5.

[0015] The term "based on” as used herein means "based af least in part on" and refers to one value (or
result) being used in the determination of another value, such as occurs in the relationship of an input of a
method and the output of that method. The term "derive” as used herein also refers to the relationship of
an input of a method and the output of that method, such as occurs when the derivation is the calculation
of a formula.

[0016] The term “parametfer” as used herein means a numerical value that characterizes a quantitative
data set and/or a numerical relationship between quantitative data sets. For example, a ratio (or function
of a ratio) between a first amount of a first nucleic acid sequence and a second amount of a second
nucleic acid sequence is a parameter.
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[0017] As used herein, the term "Jocus” or its plural form “loci” is a location or address of any length of
nucleotides (or base pairs) which has a variation across genomes.

[0018] The term "sequence imbalance” as used herein means any significant deviation as defined by at
least one cutoff value in a quantity of the clinically relevant nucleic acid sequence from a reference
quantity. A sequence imbalance can include chromosome dosage imbalance, allelic imbalance, mutation
dosage imbalance, haplotype dosage imbalance, and other similar imbalances. As an example, an allelic
or mutation dosage imbalance can occur when a fetus has a different genotype from the mother, thereby
creating an imbalance at a particular locus in the sample.

[0019] The term "chromosomal aneuploidy” as used herein means a variation in the quantitative amount
of a chromosome from that of a diploid genome. The variation may be a gain or a loss. It may involve the
whole of one chromosome or a region of a chromosome.

[0020] The term "haplotype” as used herein refers to a combination of alleles at multiple loci that are
transmitted together on the same chromosome or chromosomal region. A haplotype may refer to as few
as one pair of loci or to a chromosomal region, or to an entire chromosome. The term "alleles"” refers to
alternative DNA sequences at the same physical genomic locus, which may or may not result in different
phenotypic traits. In any particular diploid organism, with two copies of each chromosome (except the sex
chromosomes in a male human subject), the genotype for each gene comprises the pair of alleles present
at that locus, which are the same in homozygotes and different in heterozygotes. A population or species
of organisms typically includes multiple alleles at each locus among various individuals. A genomic locus
where more than one allele is found in the population is termed a polymorphic site. Allelic variation at a
locus is measurable as the number of alleles (i.e., the degree of polymorphism) present, or the proportion
of heterozygotes (i.e., the heterozygosity rate) in the population. As used herein, the term "polymorphism”
refers to any inter-individual variation in the human genome, regardless of its frequency. Examples of
such variations include, but are not limited to, single nucleotide polymorphism, simple tandem repeat
polymorphisms, insertion-deletion polymorphisms, mutations (which may be disease causing) and copy
number variations.

[0021] A construction of a partial genetic map or complete genomic sequence of an unborn fetus can be
provided based on the haplotypes of polymorphic sequences of its parents. The term "haplotype” as used
herein refers to a combination of alleles at multiple loci that are transmitted together on the same
chromosome or chromosomal region. For example, embodiments can analyze DNA fragments from a
maternal sample (containing maternal and fetal DNA) to identify alleles at certain specified loci
(landmarks). The amounts of DNA fragments of the respective alleles at these loci can then be analyzed
together to determine the relative amounts of the haplotypes for these loci and thereby determine which
haplotypes have been inherited by the fetus from the maternal and/or paternal genomes. By identifying
the fetal haplotypes, the fetal genotype at an individual locus within the corresponding genomic region
including the specified loci can be determined. In various embodiments, loci where the parents are a
specific combination of homozygous and heterozygous can be analyzed in a manner to determine regions
of the fetal genome. In one implementation, reference haplotypes that are representative of haplotypes
common in the population are used along with the analysis of the DNA fragments of the maternal sample
to determine the maternal and paternal genomes.

[0022] An example of an application of an embodiment for determining at least part of a fetal genome
could be for paternity testing by comparing the deduced fetal genotype or haplotype with the genotype or
haplotype of the alleged father. Another example is to detect one or more de novo mutations that the
fetus has acquired, or detect meiotic recombination events that have occurred during the production of
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gametes from its parents. These are the gametes that have fertilized, and the resulting zygote has
developed into the fetus.

[0023] In addition, some embodiments can also allow the genomic sequence of the unborn fetus to be
determined at any desired resolution. For example, in certain applications, embodiments can allow the
complete or close to complete genomic sequence of the fetus to be determined. In one embodiment, the
resolution of the fetal genomic sequence that can be determined is dependent on the resolution of the
knowledge of the genomes of the father and mother, in conjunction with the sequencing information from
the maternal biological sample containing fetal nucleic acids. In the event that the complete or close to
complete genomic sequences of the father and mother are known, the complete or close to complete
genomic sequence of the unborn fetus could be deduced.

[0024] In other embodiments, only the genomic sequences of selected regions within the genome are
elucidated, e.g., for the prenatal diagnosis of selected genetic, epigenetic (such as imprinting disorders),
or chromosomal disorders. Examples of genetic disorders to which an embodiment can be applied include
the hemoglobinopathies (such as beta-thalassemia, alpha-thalassemia, sickle cell anemia, hemoglobin E
disease), cystic fibrosis, and sex-linked disorders (such as hemophilia and Duchenne muscular
dystrophy). Further examples of mutations that can be detected using an embodiment can be found from
the Online Mendelian Inheritance in Man (www.ncbi.nlm.nih.gov/omim/getmorbid.cgi).

[0025] Some embodiments can also be used to determine a fractional concentration of fetal DNA, which
may be done without any prior knowledge of the specific genomes of the parents. A similar analysis can
also be used to determine a depth of coverage needed for an accurate determination of the fetal genome.
Thus, this coverage determination can be used to estimate how much data needs to be analyzed to
obtain accurate results.

I. INTRODUCTION

[0026] When a maternal sample (e.g. plasma or serum) is used as the material for elucidating the fetal
haplotype, there can be two main challenges. A first challenge is that maternal plasma or serum consists
of a mixture of fetal and maternal DNA, with fetal DNA being the minor population. It has been determined
that fetal DNA represents a mean/median concentration of some 5% to 10% of the total DNA in maternal
plasma in the first two trimesters of pregnancy (Lo YMD et al Am J Hum Genet 1998; 62: 768-775; Lun
FMF et al Clin Chem 2008; 54: 1664-1672). As DNA is released by maternal blood cells during the blood
clotting process, the fractional concentration of fetal DNA in maternal serum can be even lower than that
in maternal plasma. Thus, in some embodiments, maternal plasma is preferred over maternal serum.

[0027] A second challenge is that fetal DNA and maternal DNA in maternal plasma consist of short
fragments (Chan KCA et al Clin Chem 2004; 50: 88-92). Indeed the fetal-derived DNA is generally shorter
than the maternal-derived DNA in maternal plasma. Most of the fetal DNA in maternal plasma is less than
200 bp in length. Using such short plasma DNA fragments alone, it can be challenging to construct the
haplotype of genetic polymorphisms over long genomic distances. The above-mentioned challenges for
maternal plasma and serum also apply for the detection of fetal DNA in maternal urine (Botezatu | et al
Clin Chem 2000; 46: 1078-1084). Fetal DNA only represents a minor fraction of the DNA in the urine of a
pregnant woman, and fetal DNA in maternal urine also consists of short DNA fragments.

A. Sequencing and Analyzing of Maternal Sample
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[0028] An approach that some embodiments have taken to address the first challenge is to use a method
that allows the quantitative genotyping of nucleic acids obtained from the maternal biological sample with
high precision. In one embodiment of this approach, the precision is achieved by analysis of a large
number (for example, millions or billions) of nucleic acid molecules. Furthermore, the precision can be
enhanced by the analysis of single nucleic acid molecules or the clonal amplification of single nucleic acid
molecules. One embodiment uses massively parallel DNA sequencing, such as, but not limited to that
performed by the lllumina Genome Analyzer platform (Bentley DR et al. Nature 2008; 456: 53-59), the
Roche 454 platform (Margulies M et al. Nature 2005; 437: 376-380), the ABI SOLID platform (McKernan
KJ et al. Genome Res 2009; 19: 1527-1541), the Helicos single molecule sequencing platform (Harris TD
et al. Science 2008; 320: 106-109), real-time sequencing using single polymerase molecules (Science
2009; 323: 133-138) and nanopore sequencing (Clarke J et al. Nat Nanotechnol. 2009; 4: 265-70). In one
embodiment, massively parallel sequencing is performed on a random subset of nucleic acid molecules in
the biological sample.

[0029] In some embodiments, it can be beneficial to obtain as long a sequence read from each molecule
as is possible. One limitation of the length of the sequencing reads that can be achieved is the nature of
the nucleic acid molecules in the maternal biological sample. For example, it is known that most DNA
molecules in maternal plasma consist of short fragments (Chan KCA et al Clin Chem 2004; 50: 88-92).
Furthermore, the read length has to be balanced against the fidelity of the sequencing system at long
read lengths. For some of the above-mentioned systems, it might be preferable to obtain sequences from
both ends of the molecule, the so-called paired-end sequencing. As an illustration, one approach is to
perform 50 bp of sequencing from each end of a DNA molecule, thus resulting in a total of 100 bp of
sequence per molecule. In another embodiment, 75 bp of sequencing from each end of a DNA molecule,
thus resulting in a total of 150 bp of sequence per molecule, can be done.

[0030] After the sequencing is performed, the sequences are then aligned back to a reference human
genome. As embodiments elucidate the genomic variations inherited by an unborn fetus from its parents,
the alignment algorithm can be able to cope with sequence variations. One example of such a software
package is the Efficient Large-Scale Alignment of Nucleotide Databases (ELAND) software produced by
llumina. Another example of such a software package is the SOAP (short oligonucleotide alignment
program) and SOAP2 software (Li R et al. Bioinformatics 2008; 24:713-714; Li R et al. Bioinformatics
2009; 25:1966-1967).

[0031] The amount of DNA sequencing that may need to be performed can depend on the resolution at
which the fetal genetic map or fetal genomic sequence may need to be constructed. In general, the more
molecules that are sequenced the higher the resolution. Another determinant of the resolution of the fetal
genetic map or fetal genomic sequence at a given level, or depth, of DNA sequencing is the fractional
concentration of fetal DNA in the maternal biological sample. In general, the higher the fractional fetal
DNA concentration, the higher is the resolution of the fetal genetic map or fetal genomic sequence that
can be elucidated at a given level of DNA sequencing. As the fractional concentration of fetal DNA in
maternal plasma is higher than that in maternal serum, maternal plasma is a more preferred maternal
biological sample type than maternal serum for some embodiments.

[0032] The throughput of the above-mentioned sequencing-based methods can be increased with the
use of indexing or barcoding. Thus, a sample or patient-specific index or barcode can be added to nucleic
acid fragments in a particular nucleic acid sequencing library. Then, a number of such libraries, each with
a sample or patient-specific index or barcode, are mixed together and sequenced together. Following the
sequencing reactions, the sequencing data can be harvested from each sample or patient based on the
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barcode or index. This strategy can increase the throughput and thus the cost-effectiveness of
embodiments of the current invention.

[0033] In one embodiment, the nucleic acid molecules in the biological sample can be selected or
fractionated prior to quantitative genotyping (e.g. sequencing). In one variant, the nucleic acid molecules
are treated with a device (e.g. a microarray) which can preferentially bind nucleic acid molecules from
selected loci in the genome (e.g. the region on chromosome 7 containing the CFTR gene). Then the
sequencing can be performed preferentially on nucleic acid molecules captured by the device. This
scheme will allow one to target the sequencing towards the genomic region of interest. In one
embodiment of this scheme a Nimblegen sequence capture system
(www.nimblegen.com/products/seqcap/index.html) or an Agilent SureSelect Target Enrichment System
(www.opengenomics.com/SureSelect_Target_Enrichment_System), or similar platforms, can be used. In
some embodiments, the nucleic acid molecules from the selected regions of the genome are subjected to
random sequencing.

[0034] In another embodiment, the genomic region of interest in the biological sample can be first
amplified by one set or multiple set of amplification primers. Then, the quantitative genotyping, for
example, sequencing, can be performed on the amplified products. In one implementation of this scheme,
the RainDance (www.raindancetech.com/technology/pcr-genomics-research.asp) system can be used. In
some embodiments, the amplified nucleic acid molecules are subjected to random sequencing.

[0035] A size fractionation step can also be performed on the nucleic acid molecules in the biological
sample. As fetal DNA is known to be shorter than maternal DNA in maternal plasma (Li et al Clin Chem
2004; 50: 1002-1011; US Patent Application 20050164241; US Patent application 20070202525), the
fraction of smaller molecular size can be harvested and then used for the quantitative genotyping, for
example, sequencing. Such a fraction would contain a higher fractional concentration of fetal DNA than in
the original biological sample. Thus, the sequencing of a fraction enriched in fetal DNA can allow one to
construct the fetal genetic map or deduce the fetal genomic sequence with a higher resolution at a
particular level of analysis (e.g. depth of sequencing), than if a non-enriched sample has been used. This
can therefore make the technology more cost-effective. As examples of methods for size fractionation,
one could use (i) gel electrophoresis followed by the extraction of nucleic acid molecules from specific gel
fractions; (i) nucleic acid binding matrix with differential affinity for nucleic acid molecules of different
sizes; or (iii) filtration systems with differential retention for nucleic acid molecules of different sizes.

[0036] In yet another embodiment, one could preferentially analyze nucleic acid molecules of a specific
size or size range following the nucleic acid sequencing. For example, one could perform paired-end
sequencing in which both ends of a DNA molecule are sequenced. Then, the genomic coordinates of both
of these ends could be mapped back to a reference human genome. Then one could deduce the size of
the molecule by subtracting the genomic coordinates of both ends. One way to perform such paired-end
sequencing is to use the paired-end sequencing protocol of the lllumina Genome Analyzer. Another
method to deduce the size of a DNA molecule is to sequence the entire DNA molecule. This is most
readily done by sequencing platforms with relatively long read lengths, such as the Roche 454 platform
(Marguelis et al Nature 2005; 437:376-380) and the Pacific Biosciences single molecule, real-time

(SMRTTM) technology (Eid et al Science 2009; 323: 133-138). Following the deduction of the size of the
nucleic acid molecules, one could choose to focus the subsequent analysis on molecules of less than a
particular size cutoff, thereby enriching in the fractional concentration of fetal DNA. Analysis of this subset
of molecules can allow the fetal genetic map or fetal genomic sequences to be deduced with fewer
analyzed molecules after the size selection than be if this procedure has not been done. In one
embodiment, a size cutoff of 300 bp is used. In yet other embodiments, a size cutoff of 250 bp, 200 bp,
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180 bp, 150 bp, 125 bp, 100 bp, or 75 bp could be used.

B. Using Parental Genomes as Scaffolds

[0037] To address the second challenge, some embodiments can use haplotypes of the chromosomes of
the mother as a 'scaffold'. The haplotypes of the chromosomes of the father can also be used as another
'scaffold'. This scaffold can be compared against genetic information of the fetus obtained from the
maternal sample containing fetal DNA. This fetal genetic information can be used to determine how the
scaffold of the mother and/or father have been erected in the fetal genome, thereby using the component
parts of the scaffold to determine the resulting fetal genome.

[0038] The parental haplotypes can be constructed from genomic DNA from the father and mother, and
from other members of the family, e.g. a sibling of the fetus in the current pregnancy. It is possible that the
availability of the parental haplotypes can become increasingly commonplace, in view of the reduction in
the costs of genomic sequencing. In one scenario, if one or both parents already have their genomes
sequenced and their haplotypes on one or more chromosomal regions have been determined, then this
information can be used as the above-mentioned scaffold.

[0039] Any genotyping platform known to those of skill in the art that can interrogate sequence variations
in the genome can be used, including DNA sequencing, microarrays, hybridization probes, fluorescence-
based techniques, optical techniques, molecular barcodes and single molecule imaging (Geiss GK et al.
Nat Biotechnol 2008; 26: 317-325), single molecule analysis, PCR, digital PCR, mass spectrometry (such
as the Sequenom MassARRAY platform), etc. As a more extreme example, the DNA sequence of the
father and mother can be determined by whole genome DNA sequencing using a massively parallel
sequencing method (e.g. Bentley DR et al. Nature 2008; 456: 53-59; McKernan KJ et al. Genome Res
2009; 19: 1527-1541). An example of sequence variations that may be of interest are single nucleotide
polymorphisms (SNPs). A particularly preferred method for determining the parental genotypes is by
microarray analysis of SNPs on a genomewide scale, or at selected genomic regions, e.g. those
containing genes whose mutations can cause genetic diseases (such as genes in the beta-globin cluster,
or the cystic fibrosis transmembrane conductance regulator (CFTR) gene). Apart from sequence
variations, copy number variations can also be used. Sequence variations and copy number variations
are both referred to as polymorphic genetic features (PMF).

[0040] In one aspect, the maternal genotypes on the chromosomes or chromosomal regions of interest
can be constructed into haplotypes. One way in which this can be performed is by the analysis of other
family members related to the mother, e.g. a son or daughter of the mother, a parent, a sibling, etc.
Another way in which the haplotypes can be constructed is through other methods well known to those
skilled in the art mentioned above.

[0041] The genotype information can then be extended into haplotype information of the parents by
comparison with the genotype information from other family members, for example, a sibling of the fetus
of the current pregnancy, or from the genotypes of the grandparents, etc. Haplotypes of the parents can
also be constructed by other methods well known to those skilled in the art. Examples of such methods
include methods based on single molecule analysis such as digital PCR (Ding C and Cantor CR. Proc Natl
Acad Sci USA 2003; 100: 7449-7453; Ruano G et al. Proc Natl Acad Sci USA 1990; 87: 6296-6300),
sperm haplotyping (Lien S et al. Curr Protoc Hum Genet 2002; Chapter 1:Unit 1.6) and imaging
techniques (Xiao M et al. Hum Mutat 2007; 28: 913-921). Other methods include those based on allele-
specific PCR (Michalatos-Beloin S et al. Nucleic Acids Res 1996; 24: 4841-4843; Lo YMD et al. Nucleic



DK/EP 3783110 T3

Acids Res 1991; Nucleic Acids Res 19: 3561-3567), cloning and restriction enzyme digestion (Smirnova
AS et al. Immunogenetics 2007; 59: 93-8), etc. Yet other methods are based on the distribution and
linkage disequilibirum structure of haplotype blocks in the population which allow the maternal haplotype
to be inferred from statistical assessments (Clark AG. Mol Biol Evol 1990; 7:111-22; 10:13-9; Salem RM et
al. Hum Genomics 2005; 2:39-66).

C. Using Genomic Information of Maternal Sample to Assemble the Scaffold

[0042] In one embodiment, to work out which of the maternal chromosomes have been passed onto the
fetus, a relative haplotype dosage (RHDO) method is used. A general principle of this approach is as
follows for an example of where the mother is heterozygous for each of the genetic polymorphisms. Thus,
there are two haplotypes, and the relative dosage of these haplotypes would be 1:1. However, in the
maternal sample, the presence of a small proportion of fetal DNA might alter the relative haplotype
dosage. This is because the fetus would have inherited half of its haplotype complement from the mother
and the other half from the father. Furthermore, for each chromosome, the fetus might have inherited a
'‘patchwork’ of haplotypes which have originated from one or the other homologous chromosomes from
each parent, depending on the occurrence of meiotic recombination. All of these factors might deviate the
relative haplotype dosage from the 1:1 ratio in the maternal constitutional DNA. Thus, for a given
chromosome or chromosomal region, the constituent alleles of these haplotypes can be sought from
analytic data (e.g. sequencing data) generated from the maternal sample.

[0043] Then, a statistical procedure can be performed to determine the relative haplotype dosage, or if
one of these haplotypes is overrepresented over the other haplotype. The classification threshold for this
statistical procedure can be adjusted depending on the fractional fetal DNA concentration. In general, a
higher fractional fetal DNA concentration can allow the threshold to be reached with fewer molecules. The
classification threshold can also be adjusted depending on the number of successfully classified
fragments that one wishes to achieve across the genome or the genomic regions of interest. In one
embodiment, the sequential probability ratio test (SPRT) can be used.

[0044] In one embodiment, a relative mutation dosage (RMD), as described in US Patent application
2009/0087847) can be used to determine a relative amount of an allele at particular polymorphisms of the
mother. These relative amounts can be used in determining a haplotype of the fetus (e.g. when the
polymorphisms are at consecutive or linked loci). In one implementation of this targeted approach is the
use of the polymerase chain reaction (PCR) to amplify specific sequences from selected parts of the
genome for RMD analysis. To extend this RMD approach to determine fetal inheritance over a large
genomic region or the whole genome, a large volume of maternal sample is needed.

[0045] In an embodiment using random sequencing, the genomic regions of interest are not specifically
targeted. Thus, the number of sequences obtained in the genomic regions of interest may not be as
numerous as in a targeted approach (unless very deep sequencing is performed). However, counts can
be pooled the counts across a number of linked polymorphisms, to achieve the necessary statistical
power for diagnostic purposes. A practical implication of using this sequencing embodiment is that it can
save costs by avoiding the need for excessively deep sequencing. It also requires an input of a lesser
amount of maternal sample than digital PCR based approaches.

[0046] Furthermore, it can be desirable to perform such RHDO analysis in blocks. In other words, each
chromosome can be analyzed in one, or preferably more than one block. In one aspect, the latter can
allow meiotic recombination to be observed. For example, a haplotype of a segment of a particular
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chromosome of the fetus can appear to have come from one of the maternal homologous chromosomes,
while another segment of the same fetal chromosome appears to possess the haplotype from the other
maternal homologous chromosome. An SPRT analysis can allow this segmentation to be performed.

[0047] For example, SPRT analysis can be performed on neighboring SNPs demonstrating the required
parental genotype configuration (i.e. the father being homozygous and the mother being heterozygous)
starting from one end of a chromosome. This will continue until the SPRT analysis has indicated that one
of the maternal haplotype is predominant in the maternal plasma analytic data (e.g. sequencing data).
Then, the SPRT analysis can be 'reset' and start afresh from the next neighboring SNP demonstrating the
required parental genotype configuration. This can again continue until the SPRT analysis has once again
indicated that one of the maternal haplotype is predominant in the maternal plasma analytic data (e.g.
sequencing data). This process can continue until the last selected SNP on the said chromosome. Then,
these various SPRT-determined haplotype segments on the chromosome can be compared with the
haplotypes of the two homologous chromosomes in the mother's genome. A meiotic recombination is
seen when the haplotype segments in the fetus appear to have switched from one maternal homologous
chromosome to another one. This system can also work even if there is more than one meiotic
recombination per chromosome.

[0048] As is described later, RHDO analysis can also be carried out for genomic regions in which the
father and mother are both heterozygous for the constituent genetic polymorphisms. This scenario is
particularly useful for situation when the father and mother share a mutant copy of the disease gene from
the same ancestral origin, such as when they are consanguineous, or when the predominant mutation for
the disease is due to a large founder effect (i.e. most individuals with the mutation has inherited the same
haplotype from a common ancestral founder of the population). Thus, the haplotypes of the father and
mother in this region can be used to deduce the fetal haplotype.

Il. CONSTRUCTING FETAL GENOME FROM MATERNAL GENOME

[0049] Constructing a fetal genetic map or elucidating the fetal genomic sequence with explicit knowledge
of the parental genomes is now described.

A. Method

[0050] FIG. 1 is a flowchart of a method 100 of determining at least a portion of the genome of an unborn
fetus of a pregnant female. The fetus has a father and a mother being the pregnant female. The father
has a paternal genome with two haplotypes and the mother has a maternal genome with two haplotypes.
Method 100 analyzes nucleic acid molecules (fragments) from a biological sample obtained from the
pregnant female to determine the genome of the fetus. Method 100 is described primarily for the example
of when the father is homozygous and the mother is heterozygous at a plurality of loci, while other
examples describe other embodiments

[0051] Method 100 and any of the methods described herein may be totally or partially performed with a
computer system including a processor, which can be configured to perform the steps. Thus,
embodiments are directed to computer systems configured to perform the steps of any of the methods
described herein, potentially with different components performing a respective step or a respective group
of steps. Although presented as numbered steps, steps of methods herein can be performed at a same
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time or in a different order. Additionally, portions of these steps may be used with portions of other steps
from other methods. Also, all or portions of a step may be optional. Additionally, any of the steps of any of
the methods can be performed with modules, circuits, or other means for performing these steps.

[0052] In step 110, a first plurality of loci are identified at which the maternal genome is heterozygous. In
one embodiment, this determination can be performed at part of a genotyping of the father and mother at
the genomewide level or at selected genomic loci of interest. In other embodiments, the determination of
the first plurality of loci can be made during an analysis of the maternal sample, which is described in later
sections.

[0053] In step 120, each of the two maternal haplotypes covering the first plurality of loci are determined.
As mentioned above, the maternal genome could be obtained from direct sequencing. In other
embodiments, genotyping can be done at a plurality of loci and then use a mapped genome of someone
that is expected to have a similar genome, e.g. from a family member or from a reference genome that is
common in a same or similar population. In one embodiment, step 120 can be performed first for all or
parts of the maternal genome and then the maternal genome can be investigated to find loci where the
mother is heterozygous.

[0054] In one aspect, it is not essential to construct the haplotypes of the chromosomes of the father.
However, if the paternal haplotypes could be constructed then additional information could be obtained
from the sequencing results. One such additional information includes the fact that relative haplotype
dosage analysis can be performed for regions for which both parents are heterozygous. Another
additional piece of information which can be obtained if the paternal haplotype is available is information
concerning meiotic recombination involving one or more paternal chromosomes, and to determine if
disease alleles linked to such polymorphisms have been passed onto to the fetus.

[0055] In step 130, an allele inherited by the fetus from the father at each of the first plurality of loci is
determined. Some embodiments use genomic loci which are homozygous for the father, but
heterozygous for the mother (as mentioned in step 110). Thus, if the father is homozygous at the loci,
then the allele that is inherited from the father is known. The genotyping of the father to determine loci at
which the father is homozygous can be determined in any of the ways described herein. In one
embodiment, the determination of the first plurality of loci can be determined based on the genotyping of
the father and mother in order to find loci at which the father is homozygous and at which the mother is
heterozygous.

[0056] In another embodiment, a second plurality of loci of the paternal genome that are heterozygous
can be used to determine the paternal haplotype inherited by the fetus at the first plurality of loci at which
the father is homozygous. For example, if the maternal genome is homozygous at the second plurality of
loci, alleles that are present in the paternal genome at respective ones of the second plurality of loci and
absent in the maternal genome can be identified. The inherited paternal haplotype can then be identified
as the haplotype with the identified alleles, and used to determine the allele inherited from the father at
the first plurality of loci. These aspects of determining a paternal haplotype are discussed in more detail
below.

[0057] In step 140, a plurality of nucleic acid molecules from a biological sample obtained from the
pregnant female analyzed. The sample contains a mixture of maternal and fetal nucleic acids. The
maternal biological sample can be taken and then received for analysis. In one embodiment, maternal
plasma and serum is used. In other embodiments, maternal blood, maternal urine, maternal saliva,
uterine lavage fluid, or fetal cells obtained from maternal blood can be used.



DK/EP 3783110 T3

[0058] In one embodiment, analyzing a nucleic acid molecule includes identifying a location of the nucleic
acid molecule in the human genome, and determining an allele of the nucleic acid molecule at the
individual locus. Thus, one embodiment can perform quantitative genotyping using the determined alleles
of the nucleic acid molecules from the same locus. Any method that will allow the determination of the
genomic location and allele (information as to genotype) of nucleic acid molecules in the maternal
biological sample can be used. Some of such methods are described in U.S. applications 12/178,181 and
12/614350, and application entitled "Size-Based Genomic Analysis."

[0059] In step 150, based on the determined alleles of the nucleic acid molecules, amounts of respective
alleles at each of the first plurality of loci are determined. In one embodiment, the amounts can be the
number of alleles of each type at a first locus. For example, six A and four T. In another embodiment, an
amount can be a size distribution of the nucleic acid molecules having a particular allele. For example, a
relative amount can also include a size distribution of the fragments with a particular genotype, which can
convey a relative amount of fragments at certain lengths. Such relative amounts can also provide
information as to which genotype is in the fetal genome, since fetal fragments tend to be smaller than the
maternal fragments. Some examples of amounts and methods are described in U.S. applications
12/178,181 and 12/614350, and application entitled "Size-Based Genomic Analysis."

[0060] In one embodiment, the relative amounts of the alleles at a locus can provide information as to
which genotype was inherited by the fetus (e.g. after a dataset has reached sufficient statistical power).
For example, the relative amounts can be used to determine whether a sequence imbalance occurs
relative to the mother's genotypes at a locus. The related patent applications cited above provide
examples of embodiments for detecting a sequence imbalance at a particular locus or region.

[0061] In step 160, relative amounts of the respective alleles of the nucleic acid molecules at more than
one locus of the first plurality of loci are compared. In some embodiments, amounts of each allele at each
locus of the first plurality of loci comprising the haplotypes are aggregated before making a comparison.
The aggregated amounts of the parental haplotypes can then compared to determine if a haplotype is
over-represented, equally represented or under-represented. In other embodiments, the amounts for the
alleles at a locus are compared, and comparisons at multiple loci are used. For example, a separation
value (e.g. a difference or a ratio) can be aggregated, which can be used in a comparison with a cutoff
value. Each of these embodiments can apply to any of the comparisons steps described herein.

[0062] In various embodiments, the relative amounts can be a count of a number of each fragment with a
particular allele at a particular locus, a count of a number of fragments from any locus (or any loci in a
region) on a particular haplotype, and a statistical value of the count (e.g., an average) at a particular
locus or on a particular haplotype. Thus, in one embodiment, the comparison can be a determination of a
separation value (e.g. a difference or a ratio) of one allele vs. another allele at each loci.

[0063] In step 170, based on the comparison, the haplotype that is inherited by the unborn fetus from the
mother at the portion of the genome covered by the first plurality of loci can be determined. In one
embodiment, to work out which of the maternal chromosomes have been passed onto the fetus, a relative
haplotype dosage (RHDO) method is used, e.g., as mentioned above. As the mother is heterozygous for
each of the first loci, the first loci correspond to two haplotypes for the genomic region of first loci. The
relative dosage of these haplotypes would be 1:1 if the sample was just from the mother. Deviations or
lack of deviations from this ratio can be used to determine the haplotype of the fetus that is inherited from
the mother (and the father, which is addressed in more detail later). Thus, for a given chromosome or
chromosomal region, the constituent alleles of these haplotypes can be sought from the analytic data
(e.g. sequencing data) generated in step 130.
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[0064] Since a plurality of loci are analyzed and compared to the haplotype of the mother, the sequences
between the loci can be attributed to a particular haplotype. In one embodiment, if several loci match a
particular haplotype, then the sequence segments between the loci can be assumed to be the same as
that of the maternal haplotype. Because of the occurrence of meiotic recombination, the final haplotype
inherited by the fetus can consist of a patchwork of 'haplotype segments' originating from one of these
two homologous chromosomes. Embodiments can detect such recombination.

[0065] The resolution in which one could detect such recombination is dependent on the number and
distribution of the genetic markers that one has determined in the father's and mother's constitutional
DNA, and the threshold that one uses in the subsequent bioinformatic analysis (using for example the
SPRT). For example, if the comparison suggests that the allele inherited from the mother at each of a first
set of consecutive loci correspond to the first haplotype, then the first haplotype is determined to be
inherited for the genomic location corresponding to the first set of loci. If a second set of consecutive loci
suggest that the second haplotype is inherited, then the second haplotype is determined to be inherited
for the genomic location corresponding to the second set of loci.

[0066] In one embodiment, as a plurality of loci are analyzed, the haplotype can be determined with
greater accuracy. For example, the statistical data for one loci may not be determinative, but when
combined with the statistical data of other loci, a determination of which haplotype is inherited can be
made. In another embodiment, each loci can be analyzed independently to make a classification, and
then the classifications can be analyzed to provide a determination of which haplotype is inherited for a
given region.

[0067] In one embodiment, a statistical procedure can be performed to determine the relative haplotype
dosage (e.g. if one of these haplotypes is overrepresented over the other haplotype). The classification
threshold for this statistical procedure can be adjusted depending on the fractional fetal DNA
concentration. In general, a higher fractional fetal DNA concentration can allow the threshold to be
reached with fewer molecules. The classification threshold can also be adjusted depending on the
number of successfully classified segments that one wishes to achieve across the genome or the genomic
regions of interest.

[0068] Referring back to FIG. 1, in step 180, the fetal genome can be analyzed for mutations. For
example, embodiments can be used to search for a panel of mutations causing genetic diseases in a
particular population. Examples of mutations that can be detected using embodiments can be found from
the Online Mendelian Inheritance in Man (www.ncbi.nlm.nih.gov/omim/getmorbid.cgi). These mutations
can be searched for during steps 140-160; or as a separate step as described here. For example, in
families in which the father is a carrier of one or more mutations which are absent in the mother, then the
mutation(s) could be searched for from the analytic data (e.g. sequencing data) from the maternal
biological sample.

[0069] Apart from detecting the actual mutation, one could also look for polymorphic genetic markers
which are linked to the mutant or wildtype allele in the father or mother. For example, RHDO analysis may
reveal that the fetus has inherited the haplotype from the mother that is known to carry a mutation for a
disease. Embodiments of the invention can also be used for the noninvasive prenatal diagnosis of
diseases caused by deletions of chromosomal regions, e.g. the Southeast Asian deletion causing alpha-
thalassemia. In the scenario in which both the father and the mother are carriers of the deletion, if the
fetus is homozygous for the deletion, and if massively parallel sequencing is performed on maternal
plasma DNA, then there should be a reduction in the frequencies of DNA sequences originating from the
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deleted region in maternal plasma.

B. Example

[0070] This section describes an example of embodiments (e.g. of method 100) applied to single-
nucleotide polymorphism (SNPs) in which the mother is heterozygous. The SNP alleles on the same
chromosome form a haplotype, with the mother having a homologous pair of each chromosome, and thus
two haplotypes. To illustrate how such a determination is performed, consider a segment on chromosome
3, e.g., as shown in FIG. 2.

[0071] FIG. 2 shows two haplotypes for the father and two haplotypes for the mother for a particular
segment of their respective genomic code. Five SNPs were found within this segment in which the father
and mother were homozygous and heterozygous, respectively, for all 5 of these SNPs. The two
homologous chromosomes of the father possessed the same haplotype (Hap), i.e., A-G-A-A-G (from top
to bottom in FIG. 2). For simplicity, the paternal haplotypes are called Hap | and Hap IlI, bearing in mind
that both of these are identical for this set of 5 SNPs. For the mother, two haplotypes were observed,
namely Hap lll, A-A-A-G-G and Hap IV, G-G-G-A-A.

[0072] The SNPs in this example could be further classified into two types. FIG. 3 shows the two types of
SNPs according to embodiments of the present invention. Type A consists of those SNPs in which the
paternal alleles were the same as those on the maternal haplotype lll. Type B consists of those SNPs in
which the paternal alleles were the same as those on the maternal haplotype IV.

[0073] These two types of SNPs can require slightly different mathematical handling. Thus, in the Type A
scenario, the fetal inheritance of haplotype Ill would result in the overrepresentation of haplotype lll,
relative to haplotype IV, in maternal plasma (FIG. 4A). For example, looking at just one SNP 410 for ease
of discussion, the allele A is inherited from the father, and if Hap lll is inherited from the mother, then the
fetus will be contributing two A alleles to the sample, which will cause an overrepresentation of A. If the
fetus had inherited haplotype IV then no overrepresentation would be seen, since the fetus would also be
heterozygous with A and G at the locus.

[0074] On the other hand, in the Type B scenario, the fetal inheritance of haplotype Ill would result in the
equal representation of haplotype Ill and haplotype IV in maternal plasma (FIG. 4B). For example, looking
against SNP 420, the inheritance of G from the father and A as part of Hap Ill would cause the fetus to
contribute equal amounts of A and G at SNP 420, just like the mother. If the fetus had inherited haplotype
IV, then overrepresentation would be observed as is evident from the discussion above.

[0075] FIGS. 5A and 5B shows the analysis of comparing relative amounts (e.g. counts) of fragments for
each locus and whether a result of the comparison is to classify a particular haplotype as being inherited
or not. Any genomic location in which there is a SNP which fits one of these genotype configurations of
the father and mother (e.g. Type A or Type B scenarios) can be used for this example. From the maternal
plasma sequencing data, one can focus on the number of sequenced molecules corresponding to a
particular allele of the SNP. An SPRT analysis (or other comparison method) can be used to determine if
there was any allelic imbalance between these alleles (Lo YMD et al Proc Natl Acad Sci USA 2007; 104:
13116-13121).

[0076] FIG. 5A shows an analysis for type A SNPs. As shown, for each SNP, a SPRT comparison of the
relative amounts (e.g. as defined by a separation value) to a cutoff value provides a classification. In one
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embodiment, if the classification threshold for SPRT was reached then the fetal inheritance of a particular
maternal haplotype was concluded. Counting for the SPRT analysis can then be reset. Then, an analysis
can move onto a neighboring SNP fitting the required genotype configuration, either from the telomeric-to-
centromeric direction, or vice versa; and the new SPRT analysis can begin with this next SNP.

[0077] On the other hand, in one embodiment, if the classification for SPRT was not reached with the
SNP, then we can also move onto a neighboring SNP in a similar fashion, except that the counts for the
next SNP can be added to the previous one and then SPRT can again be performed. This process can
continue until the classification threshold had been reached. FIG. 5A and FIG. 5B illustrate the operation
of this process for Type A and Type B analyses. In one embodiment, the classifications are analyzed
together to make a total classification for a region. For example, if a classification is obtained for a first
group of SNPs and for the next group of SNPs, the classification of the two can be compared to see if the
classification is consistent.

[0078] FIG. 6 illustrates the effect of changing the likelihood ratio for SPRT classification (Zhou W et al.
Nat Biotechnol 2001;19:78-81; Karoui NE et al. Statist Med 2006;25:3124-33). In general a lower
likelihood ratio for classification, e.g., 8, can allow classification to be made more easily. This can result in
a larger number of classified regions within the genome. However, a number of such regions can be
expected to be misclassified. On the other hand, a higher likelihood for classification, e.g., 1200, can only
allow classification when more SNPs have been scored. This can result in a smaller number of classified
regions within the genome. The number and proportion of misclassified regions can be expected to be
lower when compared with situations when a lower classification threshold was used.

[0079] In one embodiment, a classification is made only if two consecutive SPRT classifications result in
the same haplotype (referred to as the "two consecutive blocks" algorithm). In one aspect, the "two
consecutive blocks" algorithm can increase the accuracy of classification. In some embodiments, for any
stretch of sequence, an embodiment can first perform an SPRT analysis for Type A SNPs, and then do
another SPRT analysis for the Type B SNPs. In one embodiment, one can consider the scenario for a
stretch of sequence for which the Type A and Type B SNPs form two interlacing groups of genetic
landmarks (e.g. SNPs). In embodiments using the "two consecutive blocks" algorithm, the two blocks can
be of different types.

[0080] The SPRT results from the Type A and Type B analyses can allow one to check for concordance
or discordance in their classification results. To enhance the classification accuracy, one embodiment
("interlacing approach”) could only make a classification if both the Type A and Type B analyses for a
given genomic region can yield consistent results. If the two analyses yield discordant results, we can look
at the classification results of the two contiguous regions of classification next to the region, one at the
centromeric end and the other one at the telomeric end. If these two contiguous regions yield concordant
results, then we can classify the first region as a continuous haplotype with these two regions. If these two
contiguous regions do not yield concordant results, then we can move onto the next two contiguous
regions until concordance is seen. One variant of this theme is to move in just one direction and to take
the classification results of the next one, or two, or even more contiguous regions as the results of the
original region concerned. The general principle is to use the classification results of adjacent genomic
regions to confirm the classification results of a particular region.

lll. DETERMINATION OF THE PATERNAL ALLELES INHERITED BY THE FETUS

[0081] FIG. 7 is a flowchart of a method 700 of determining at least a portion of the genome of an unborn
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fetus of a pregnant female inherited from the father. Method 700 analyzes nucleic acid molecules
(fragments) from a biological sample obtained from the pregnant female to determine the genome of the
fetus. The sample contains a mixture of maternal and fetal nucleic acids.

[0082] In step 710, each of a plurality of nucleic acid molecules from the biological sample are analyzed
to identify a location of the nucleic acid molecule in the human genome, and determine an allele type of
the nucleic acid molecule. Thus, genotypes of the nucleic acid molecules at a particular location (locus)
can be determined in one embodiment. Any of the methods described above and elsewhere may be used
for this analysis.

[0083] In step 720, a first plurality of loci are determined at which the paternal genome is heterozygous
and the maternal genome is homozygous. In one embodiment, the first plurality of loci are obtained by
determining the paternal and maternal genomes. The genomes can be mined for genomic loci in which
the father is heterozygous and the mother is homozygous.

[0084] In step 730, the haplotype that is inherited by the unborn fetus from the father at the portion of the
genome covered by the first plurality of loci is determined based on the determined genotypes at the first
plurality of loci. In one embodiment, the allele of each of these loci which is possessed by the father, but
absent in the genome of the mother, is sought for in the analytic data (e.g. sequencing data). The
combination of these alleles would indicate the haplotypes of the chromosomes that the fetus has
inherited from the father.

[0085] In another embodiment, if the haplotypes of each of the chromosomes or the chromosomal
regions of interest in the father's genome is known, then one can also determine where meiotic
recombination has occurred during spermatogenesis in the father. Hence, paternal meiotic recombination
is seen when the haplotype of a stretch of DNA in a paternally-inherited chromosome differs between the
fetus and the father. The inclusion of such recombination information can be useful when the analytic data
(e.g. sequencing data) are used for the prenatal diagnosis of a genetic disease by linkage analysis to
genetic polymorphisms.

IV. FATHER AND MOTHER ARE HETEROZYGOUS FOR A GENOMIC REGION

[0086] Embodiments can address a scenario in which the father and mother are heterozygous for a
genomic region. This scenario can be particularly relevant in families in which the father and mother are
consanguineous. When a disease is associated with a predominant mutation which has resulted from a
large founder effect can also be relevant. In such circumstances, it is to be expected that if the father and
mother of the unborn fetus are both carriers of the mutant gene, then the haplotype of the chromosome
carrying the mutant copy of the gene can essentially be identical, except for the occurrence of meiotic
recombination events. This type of analysis can be especially useful for autosomal recessive diseases
such as cystic fibrosis, beta-thalassemia, sickle cell anema, and hemoglobin E disease.

[0087] FIG. 8 is a flowchart of a method 800 for determining at least a portion of the genome of an
unborn fetus in a region where the mother and father are heterozygous according to embodiments of the
present invention.

[0088] In step 810, a first plurality of loci are determined at which the father and mother are both
heterozygous. In one embodiment, the first loci can be determined by any of the methods mentioned
herein. For example, all or regions of the parental genomes can be sequenced, or different parts
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genotyped to find the first loci. Thus, each of the two paternal and each of the two maternal haplotypes at
the first plurality of loci can be known.

[0089] As an example, FIG. 9 shows haplotypes of a father and mother that are both heterozygous in a
particular genomic region. As shown, both parents have a mutant gene (allele) in region 1. Specifically,
Hap | of the father and Hap Ill of the mother have the mutant gene. Also as shown, the father and mother
can each have the other copy of the chromosome carrying the wildtype copy of the gene. Specifically, Hap
Il of the father and Hap IV of the mother have the wildtype gene. Thus, this example has relevance in
determining whether a fetus has inherited a mutant gene. The chromosomes from the father and mother
that carry the wildtype gene have an identical haplotype in the immediate vicinity of the gene, but might
have divergent haplotypes further away from the gene. As this chromosome would likely have a diverse
ancestral origin, this chromosome would unlikely have identical haplotypes between the father and mother
throughout the whole chromosome.

[0090] In step 820, a second plurality of loci are determined at which the father is heterozygous, but at
which the mother is homozygous. As shown, the first and second pluralities of loci are on the same
chromosome. Region 2 shows such second loci. Region 2 can be chosen such that the father is
heterozygous for one or more SNPs in this region while the mother is homozygous in this region.

[0091] In step 830, fragments from a sample of the pregnant female can be analyzed to identify a location
in the human genome and a genotype. The location can be used to determine whether a fragment
(nucleic acid molecule) includes one or more of the first loci or one or more of the second loci. This
information can then be used to determine the haplotype inherited from the father and the haplotype
inherited from the mother.

[0092] In step 840, which of the two paternal haplotypes has been inherited by the fetus is determined by
analyzing the determined genotypes of the plurality of nucleic acid molecules from the biological sample
at at least one of the second loci. For example, the SNP alleles which are uniquely present in the father's

genome, but absent in the mother's genome, such as the T allele marked by * and the A allele marker by
*in FIG. 9, can be sought for from the analytic data (e.g. location and genotype resulting from step 710)

of the maternal biclogical sample. As can be done for method 700, if the T allele marked by * is detected
from maternal plasma, then it means that haplotype Il (Hap Il) is inherited by the fetus from the father.

Conversely, if the A allele marked by * is detected from maternal plasma, then it means that Hap | is
inherited by the fetus from the father.

[0093] In step 850, comparing relative amounts of the determined genotypes of nucleic acid molecules at
more than one of the first plurality of loci. In one embodiment, amounts at each locus are aggregated and
the relative amounts of the maternal haplotypes are compared. The relative amounts can refer to counted
numbers, size distributions, and any other parameter that can convey information as to which genotype is
in the fetal genome at a particular locus.

[0094] In step 860, based on the paternal haplotype determined to be inherited by the fetus and based on
the comparison of the relative amounts, determining the haplotype that is inherited by the unborn fetus
from the mother at the portion of the genome covered by the first plurality of loci. Thus, an RHDO analysis
(e.g. as described above) of SNPs in Region 1 from the analytic data of the maternal biological sample
can be carried out to determine which one of the two maternal haplotypes has been inherited by the fetus,
taking the paternal haplotype inherited by the fetus in Region 2 into consideration. In one embodiment, it
is assumed that there is no recombination between Regions 1 and 2 when these regions are passed from
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the parents to the fetus.

[0095] For example, consider the scenario when the fetus has been determined to have inherited Hap |
from the father through Region 2 analysis. Then, the fetal inheritance of Hap Il (which is identical to Hap |
at Region 1) from the mother will result in the overrepresentation of Hap Il relative to Hap IV in maternal
plasma. Conversely, if the fetus has inherited Hap IV from the mother, then equal representation of Hap Ill
and Hap IV will be observed in maternal plasma.

[0096] As another example, consider the scenario when the fetus has been determined to have inherited
Hap Il from the father through Region 2 analysis. Then, the fetal inheritance of Hap IV (which is identical
to Hap Il at Region 1) from the mother will result in the overrepresentation of Hap IV relative to Hap Il in
maternal plasma. Conversely, if the fetus has inherited Hap Ill from the mother, then equal representation
of Hap Il and Hap IV will be observed in maternal plasma.

[0097] In the previous sections, we have deduced the fetal genome and the fractional fetal DNA
concentration using the data obtained from the sequencing of the maternal plasma DNA, as well as the
genotype information of the parents of the fetus. In the following sections, we describe embodiments for
deducing the fractional fetal DNA concentration and fetal genotype without prior information of the
maternal and paternal genotypes/haplotypes.

V. DETERMINATION OF FRACTIONAL FETAL DNA CONCENTRATION

[0098] In some embodiments, an optional step is to determine a fractional fetal DNA concentration. In
various aspects, this fractional concentration can guide the amount of analysis (e.g. amount of
sequencing required) or allow one to estimate the accuracy of the analysis for a given amount of data
(e.g. depth of genome sequence coverage). The determination of the fractional fetal DNA concentration
can also be useful for determining a cutoff to determine a classification of which haplotype and/or
genotype are inherited.

[0099] In one embodiment, the fractional fetal DNA concentration can be determined by mining the
analytic data (e.g. as can be obtained in step 140 and 710) for loci that are homozygous for the father
and for the mother, but with different alleles. For example, for a SNP with two alleles, A and G; the father
can be AA and the mother can be GG, and vice versa. For such loci, the fetus would be an obligate
heterozygote. In the example above, the fetal genotype would be AG, and a proportion of allele A in the
maternal sample can be used to determine the fractional fetal DNA concentration. In another
embodiment, a statistical analysis can be made to determine a locus where the mother is homozygous
and the fetus is heterozygous. In this manner, no prior information about the mother's genome or the
paternal genome is needed.

[0100] As alternatives to mining the analytic data, the fractional fetal DNA concentration can also be
determined by another approach, such as the use of PCR assays, digital PCR assays or assays based on
mass spectrometry, on a panel of polymorphic genetic markers (Lun FMF et al Clin Chem 2008; 54:
1664-1672). Another alternative is to use one or more genomic loci which exhibit different DNA
methylation between the fetus and mother (Poon LLM et al. Clin Chem 2002; 48: 35-41; Chan KCA et al.
Clin Chem 2006; 52: 2211-2218; US Patent 6,927,028). As yet another alternative is to use an
approximate fractional fetal DNA concentration determined from a reference population, e.g. at a similar
gestational age. However, as the fractional fetal DNA concentration could vary from sample to sample,
this latter approach may be expected to be less precise than if the concentration is measured specifically
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for the sample being tested.

A. Determining Fractional Concentration for Obligate Heterozygote

[0101] In embodiments where the fetus is an obligate heterozygote, one can determine the fractional fetal
DNA concentration using the following series of calculations (e.g. using massively parallel sequencing).
Let p be the counts of the fetal allele that is absent from the maternal genome. Let g be the counts of the
other allele, i.e. the allele that is shared by the maternal and fetal genomes. Fractional fetal DNA
concentration is given by the following equation:

iy

Ptq

[0102] In one implementation, this calculation can be performed on the cumulative data across different
polymorphic genetic loci or polymorphic genetic features that fulfill the parental genotype configuration
(e.g.. both parents being homozygous, but for different alleles).

B. Determination based on Informative SNPs

[0103] The fractional concentration of fetal DNA can also be determined for any locus at which the mother
is homozygous and the fetus is heterozygous, and not just when the mother is homozygous for one allele
and the father is homozygous for a different allele. Both methods provide whether a locus is informative.
The term "informative SNP" can be used in different contexts depending on what information is desired. In
one context, the information is an allele in the fetal genome at a particular locus that is not present in the
maternal genome at that locus. Thus, the subset of SNPs that the mother is homozygous and the fetus is
heterozygous can be referred to as "informative SNPs" for the context of determining fetal DNA
concentration. Instances where the mother and fetus are both heterozygous, but for at least one different
allele, can also be used as an informative SNP. However, triallelic SNPs are relatively uncommon in the
genome.

[0104] FIG. 10 is a flow chart illustrating a method 1000 for determining fractional concentration of fetal
material in a maternal sample according to embodiments of the present invention. In step 1010,
fragments from a sample of the pregnant female can be analyzed to identify a location in the human
genome and an allele type (which can lead to a genotype determination at the location). In one
embodiment, the fragments are analyzed by sequencing a plurality of nucleic acid molecules from the
biological sample obtained from the pregnant female. In other embodiments, real-time PCR or digital PCR
can be used.

[0105] In step 1020, one or more first loci are determined to be informative. In some embodiments, the
maternal genome is homozygous, but a non-maternal allele is detected in the sample at an informative
locus. In one embodiment, the fetal genome is heterozygous at each first loci and the maternal genome is
homozygous at each first loci. For example, the fetal genome can have a respective first and second
allele (e.g. TA) at a first locus, and the maternal genome can have two of the respective second allele
(e.g. AA) at the first locus. However, such loci may not be a priori known, e.g., in situations where the
fetus is not an obligate heterozygote.

[0106] In one embodiment to determine an informative locus, the SNPs at which the mother is
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homozygous are considered. For SNPs that the mother is homozygous, the fetus is either homozygous
for the same allele or is heterozygous. For example, if a SNP is polymorphic for A and T, and the mother
has a genotype of AA, the genotype of the fetus is either AA or TA. In this case, the presence of the T
allele in the maternal plasma sample would indicate the fetal genotype is TA instead of AA. Certain
embodiments can address how much of a presence of the T allele indicates a genotype of TA by
calculating a necessary cutoff, as is described below.

[0107] In step 1030, for at least one of the first loci, a first number p of counts of the respective first allele
and a second number g of counts of the respective second allele are determined. In one embodiment, the
counts of the fetal-specific (the T allele) and the shared (the A allele) alleles in maternal plasma can be
determined by a variety of methods, for example, but not limited to real-time PCR, digital PCR, and
massively parallel sequencing.

[0108] In step 1040, the fractional concentration is calculated based on the first and second numbers. In
one embodiment, in a pregnant woman with genotype AA and the genotype of her fetus being TA, the
fractional fetal DNA concentration (f) can be calculated using the equation: f = 2 x p / (p+q), where p
represents the counts for the fetal-specific allele (allele T) and g represents the counts for the allele
shared by the mother and the fetus (allele A).

[0109] In another embodiment, by the use of multiple informative SNPs, the fractional concentration of
fetal DNA in maternal plasma can be estimated with increased accuracy. For the use of the allele counts
of multiple SNPs (a total of n SNPs), the fractional concentration of fetal DNA (f) can be calculated using
the equation
se "2p,
Yo (pt+4)
where p; represents the counts for the fetal-specific allele for the informative SNP;; g; represents the
counts for the allele shared by the mother and the fetus for the informative SNP;; and n represents the

total number of informative SNPs. The use of the allele counts of multiple SNPs can increase the accuracy
of the estimation of the fractional fetal DNA concentration.

C. Fractional Concentration Without Explicit Genetic Information Of Parents

[0110] A method for determining the fractional fetal DNA concentration in a maternal plasma sample
which does not require prior information regarding the genotypes of the fetus and the mother is now
described. In one embodiment, the identification of informative SNPs is made from the counts of different
alleles at these SNP loci in maternal plasma. Thus, method 1000 can be used, along with the
determination of the informative SNPs based on embodiments described below. First, a description of
probabilities is provided to help understand a calculation of a cutoff that is used to identify informative
SNPs.

[0111] In one embodiment, the probability of detecting the fetal-specific allele follows the Poisson
distribution. The probability (P) of detecting the fetal-specific allele can be calculated using the following
equation: P =1 - exp (-f x N/2), where f represents the fractional concentration of fetal DNA in the
maternal plasma sample, N represents the total number of molecules corresponding to this particular SNP
locus being analyzed; and exp() represents the exponential function. In one aspect, P can be considered
an expected distribution as it is not a distribution resulting from measuring an amount of molecules across
many samples. In other embodiments, other distributions can be used.



DK/EP 3783110 T3

[0112] Assuming that the fractional concentration of fetal DNA is 5% (a typical value for the first trimester
pregnancy) and 100 molecules (maternal + fetal) corresponding to this SNP locus are analyzed
(equivalent to the amount contained in 50 diploid genomes), the probability of detecting the fetal-specific
allele (the T allele) is 1 - exp(-0.05 x 100/2) = 0.92. The probability of detecting the fetal-specific allele
would increase with the fractional fetal DNA concentration and the number of molecules being analyzed
for the SNP locus. For example, if the fetal DNA concentration is 10% and 100 molecules are analyzed,
the probability of detecting the fetal-specific allele is 0.99.

[0113] Therefore, at a SNP locus for which the mother is homozygous, the presence of an allele different
from the maternal one in maternal plasma can indicate that the SNP is "informative" for the calculation of
the fractional fetal DNA concentration. The probability of missing any informative SNP can be dependent
on the number of molecules analyzed. In other words, for any desired confidence of detecting the
informative SNPs, the number of molecules that needs to be analyzed to obtain a desired accuracy can
be calculated according to the Poisson probability function.

[0114] Using the above analysis, some embodiments can determine if a locus is informative or not when
the genotype of the mother is not known. In one embodiment, loci at which two different alleles are
detected in the maternal plasma sample are identified. For example, for a SNP locus with two possible
alleles A and T, both the A and the T alleles are detected in the maternal plasma.

[0115] FIG. 11 is a flowchart of a method 1100 for determining whether a locus is informative according to
embodiments of the present invention. In one embodiment, method 1100 can be used to implement step
1020 of method 1000. In another embodiment, one step of method 1100 is to determine a cutoff value
based on a statistical distribution, and another uses the cutoff value to determine whether a locus (SNP) is
informative.

[0116] In step 1110, a cutoff value is determined for a number of predicted counts of the respective first
allele at the specific locus. In one implementation, the cutoff value predicts whether the maternal genome
is homozygous and the fetal genome is heterozygous. In one embodiment, the cutoff value is determined
based on a statistical distribution of humbers of counts for different combinations of homozygosity and
heterozygosity at the specific locus. For example, an allelic frequency distribution can be predicted using
the Poisson distribution function.

[0117] In step 1120, based on an analysis of the nucleic acid molecules of the maternal sample (e.g. from
step 1010), a first allele and a second allele are detected at the locus. For example, a set of fragments
could be mapped to the locus being analyzed and the first allele or the second allele was detected. The
first allele can correspond to one of the respective first alleles from step 1020, and the second allele can
correspond to one of the respective second alleles. In one embodiment, if two different alleles are not
detected, then it is known that the locus is not informative.

[0118] In step 1130, a number of actual counts of the respective first allele at the locus is determined
based on the analysis of the nucleic acid molecules. For example, sequencing results of the plurality of
nucleic acid molecules can be counted to determine the number of times a fragment having a genotype of
the first allele is mapped to the locus.

[0119] In step 1140, the locus is identified as one of the first loci based on a comparison of the number of
actual counts to the cutoff value. In one aspect, a cutoff value can be used to differentiate between three
possibilities: (a) the mother is homozygous (AA) and the fetus is heterozygous (AT); (b) the mother is
heterozygous (AT) and the fetus is heterozygous (AT); and (c) the mother is heterozygous (AT) and the
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fetus is homozygous for (AA) or (TT). For the sake of illustration, the examples below assume the fetal
genotype to be AA in scenario (c). However, the calculation would be the same if the genotype of the
fetus is TT. An informative locus would have the possibility (a).

[0120] In one embodiment, the locus is identified as one of the first loci when the number of actual counts
is less than the cutoff value. In another embodiment, a lower threshold can also be used to ensure that a
spurious mapping did not occur.

[0121] Embodiment for determining the cutoff is now described. Based on the physiologically possible
fractional fetal DNA concentration (this information is available from previous studies) and the total
number of molecules corresponding to the SNP locus, the distribution of the allelic counts can be
predicted for the three possible scenarios above. Based on the predicted distribution, a cutoff value can
be determined for interpreting the observed allelic counts in maternal plasma to determine if a SNP is
"informative" (i.e. scenario (a)) or not.

[0122] The fractional concentration of fetal DNA typically ranges from 5% to 20% in early pregnancy and
ranges from 10% to 35% in late pregnancy (Lun et al., Microfluidics digital PCR reveals a higher than
expected fraction of fetal DNA in maternal plasma. Clin Chem 2008; 54:1664-72). Thus, in one
embodiment, the predicted distributions of the allelic counts for 5% and 20% fractional concentration of
fetal DNA were determined.

[0123] FIG. 12A shows the predicted distribution of the counts for allele T (the less abundant allele in
scenarios (a) and (c)) for the three scenarios with an assumed fractional fetal DNA concentration of 20%.
FIG. 12B shows the predicted distribution of the counts for allele T (the less abundant allele for scenarios
(a) and (c¢)) for the three scenarios with the assumption of 5% fetal DNA. In both predicted models, a total
of 200 molecules were assumed to be analyzed for the SNP locus.

[0124] Using the presence of 40 counts of the less abundant allele (the T allele) as a cutoff, the three
possibilities can be statistically discriminated. In other words, for any SNP locus with two alleles detected
in the maternal plasma and with a total of 200 molecules being analyzed, if the allelic frequency of the
minor allele (the less abundant allele) is less than 40, the SNP locus can be regarded as "informative".
For fractional fetal DNA concentrations of 5% and 20%, the differentiation of "informative" SNPs (scenario
(a)) from the SNPs for which the mother is heterozygous (scenarios (b) and (c)) would be 100% accurate.

[0125] In practice, the total number of molecules detected can be different for different SNPs. For each
SNP locus, a specific predicted distribution curve can be constructed by taking into account the total
number of molecules detected in the maternal plasma sample covering the SNP locus. In other words, the
count cutoff for determining whether a SNP is informative or not can vary among SNPs and depends on
the number of times the SNP locus has been counted.

[0126] The following table shows the allele counts of three SNP loci in maternal plasma for a maternal
plasma sample that was sequenced. For each of the three SNPs, two different alleles are detected in the
maternal plasma sample. The total numbers of counts detected in maternal plasma corresponding to
these three SNPs are different.

SNP locus SNP id Allele (counts) Allele (counts) Total no. of counts
1. rs3107146 A (10) G (163) 173
2. rs7522344 G (9) T(112) 121
3. rs2272908 A (72) G (62) 134
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[0127] The predicted distributions for the counts of the less abundant allele for a fractional fetal DNA
concentration of 20% and different total counts of molecules corresponding to a SNP are shown in FIGS.
13A, 13B, and 14. The predicted distributions were drawn using an assumed fetal DNA concentration of
20% because this represents the higher limit of fetal DNA concentration in the first trimester. The higher
the fetal DNA concentration, the more overlap is expected between the distribution curves of the minor
allele for which the mother is homozygous for the major allele against that when the mother is
heterozygous. Thus, it is more specific to derive cutoffs for the minor allele counts using a higher fetal
DNA concentration for the prediction of informative SNPs.

[0128] FIG. 13A shows a predicted distribution for the counts of the less abundant allele with a total
number of 173 molecules and fractional fetal DNA concentration of 20%. In one embodiment, based on
this distribution, a cutoff criterion of less than 40 for the counts of the less abundant allele can be suitable
for identifying the informative SNPs. As the counts for the A allele is 10, the SNP locus no. 1 is regarded
as "informative" for the calculation of the fractional fetal DNA concentration.

[0129] FIG. 13B shows a predicted distribution for the counts of the less abundant allele with a total
number of 121 molecules and fractional fetal DNA concentration of 20%. In one embodiment, based on
this distribution, a cutoff value of less than 26 for the counts of the less abundant allele can be suitable for
identifying the informative SNPs. As the number of counts for the T allele is 9, the SNP locus no. 2 is
regarded as "informative" for the calculation of the fractional fetal DNA concentration.

[0130] FIG. 12 shows a predicted distribution for the counts of the less abundant allele with a total
number of 134 molecules and fractional fetal DNA concentration of 20%. In one embodiment, based on
this distribution, a cutoff value of less than 25 for the counts of the less abundant allele can be suitable for
identifying the informative SNPs. As the number of counts for the T allele is 62, the SNP locus no. 3 is
regarded as "not informative" and would not be used for the calculation of fetal DNA fractional
concentration.

[0131] In some embodiments, using the equation f = 2 x p / (p+q), the fractional concentration of fetal
DNA can be calculated using the allele counts for SNP 1 and 2 and combined. The results are shown
below.

Calculation based on SNP locus Fractional concentration of fetal DNA

1. 10x2/(10+ 163)= 11.6%

2. 9x2/ (9+112) = 14.9%

1. and 2. (10+9) x 2/ (10 +9 + 163 + 112) = 12.9%

D. Determination of Depth Coverage of the Fetal Genome

[0132] Besides obtaining a fractional concentration, embodiments can determine a percentage coverage
of the fetal genome that the analytic procedure (e.g. sequencing) in step 1010 has accomplished. In some
embodiments, informative loci can be used to determine the percentage of coverage. For example, any of
the examples from above can be used. In one embodiment, loci at which the fetus is an obligate
heterozygote can be used. In another embodiment, loci at which the fetus is determined to be
heterozygous and the mother is homozygous may be used (e.g. using method 1100).
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[0133] The fragmentis that have been mapped to the informative loci can be used to determine a
proportion of coverage. In one embodiment, a proportion of loci of the first plurality of loci in which a
respective first allele is detected from the sequencing results is determined. For example, if the fetus is TA
at a locus and the mother is AA at the locus, then the allele T should be detected in the sequencing
results if that locus has been sequenced. Thus, the proportion of the fetal genome that has been
sequenced from the biological sample can be calculated based on this proportion. In one embodiment,
the proportion of the first loci where the fetal-specific allele is seen can be taken as the percentage
coverage of the fetal genome. In other embodiments, the proportion can be modified based on where the
loci are at. For example, a percentage coverage can be determined for each chromosome. As another
example, the percentage can be estimated at less than the proportion if the first loci do not form a good
representation of the genome. As another example, a range might be provided where the proportion is
one end of the range. While a high percentage, i.e. approaching 100%, signifies close to complete
coverage of the fetal genome, most genetic diseases can be diagnosed with much less than 100%
coverage, e.9. 80%, or 50%, or less.

VI. NO PRIOR INFORMATION OF MATERNAL AND PATERNAL GENOME

[0134] In previous sections, some embodiments have determined a genetic map of a fetus (or a portion
of a fetal genome) when the haplotypes of the mother and the genotypes of the father are known. Other
embodiments have demonstrated that fractional fetal DNA concentration can be determined by analyzing
the maternal plasma DNA without prior knowledge about the genotypes of the mother, the father, or the
fetus. In yet other embodiments, we now further describe a method for determining the genetic map of a
fetus (or a portion of a fetal genome) using RHDO analysis without prior information of the maternal and
paternal genotypes/haplotype(s).

[0135] In one embodiment, the information of reference (e.g. common or known) haplotypes of the
population in which the parents belong to is used. This information can be used for deducing the maternal
and paternal haplotypes. An example is used to illustrate the principle of this method. Information
concerning such reference haplotypes can be obtained, for example, from the website of the International
HapMap Project (hapmap.ncbi.nlm.nih.gov/).

[0136] As part of an illustrative example, assume that three reference haplotypes (Hap A, Hap B and Hap
C as shown in FIG. 15A) are present in the population. Each of these three haplotypes consists of 14 SNP
loci and, for each locus, there are two possible alleles. In this example, the father possesses Hap B and
Hap C whereas the mother possesses Hap A and Hap B, as shown in FIG. 15B. This example assumes
that the fetus inherits Hap A from the mother and Hap C from the father. Therefore, the fetus possesses
Hap A and Hap C, as shown in FIG. 15B.

[0137] FIG. 16 is a flowchart of a method 1600 for determining at least part of a fetal genome when a set
of reference haplotypes are known, but the parental haplotypes are not known, according to
embodiments of the present invention.

[0138] In step 1610, the maternal sample can be analyzed to identify SNPs at which the mother is
homozygous and the fetus is heterozygous. This analysis can be done in a similar fashion as a
determination of whether a locus is informative, as described above. Thus, in one embodiment, methods
1000 and/or 1100 can be used. In other embodiments described above, the maternal and paternal
genomes can be analyzed to determine information to perform the fetal genome mapping.
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[0139] FIG. 17 shows an example of determining informative loci from analysis of DNA fragments from a
maternal sample. For each of the 14 loci, the counts of the two alleles for each locus are determined. The
counts of these alleles can be determined, for example but not limited to, using real-time PCR, digital
PCR, and massively parallel sequencing. For each of these loci, two different alleles would be detected in
the maternal plasma. In contrast to those SNPs at which the mother is heterozygous, the proportion of the
two alleles would be significantly different. The fetus-specific allele (the allele that the fetus inherits from
the father) would be much less abundant compared with the maternal allele. The informative loci 1710 are
marked in FIG. 17.

[0140] In step 1620, one or more alleles of the paternal haplotype inherited by the fetus are deduced. In
one embodiment, each of the loci 1710 can be used to determine the inherited parternal haplotype. For
example, the paternal allele that the fetus has inherited can be identified as the fetal-specific allele for loci
1720 because the fetal-specific allele is the allele is much less abundant than the maternal allele in the
maternal sample.

[0141] In step 1630, the paternal alleles are compared to the reference haplotypes to determine the
haplotype inherited from the father. In certain embodiments, a number of possible fetal haplotypes can be
deduced, each with its own probability. One or more of the most likely fetal haplotypes can then be used
for subsequent analysis, or for clinical diagnosis.

[0142] In the example shown in FIG. 18, there are three possible haplotypes (Hap A, Hap B and Hap C)
in the population. From the maternal plasma analysis, four SNPs have been identified as being
homozygous for the mother and heterozygous for the fetus, thus representing the paternal alleles that the
fetus inherits. The genotypes at these four SNPs fit the pattern of Hap C. Therefore, the fetus has
inherited Hap C from the father, as shown in FIG. 19. In other words, for all the SNPs within the same
haplotype block, the paternal alleles that the fetus has inherited can be deduced.

[0143] In step 1640, loci (e.g. SNPs) at which the mother is heterozygous can be determined. In one
embodiment, analysis of the maternal sample can provide SNPs that the mother is heterozygous. For
example, at each of these SNPs, two different alleles can be detected in maternal plasma. In contrast to
the SNPs that the mother is homozygous and the fetus is heterozygous which the fetal-specific allele only
contributes a small proportion of the total alleles in maternal plasma, the counts of the two alleles would
be similar for SNPs where the mother is heterozygous. Thus, the complete maternal genotype for all the
SNP loci within the haplotype block could be determined from maternal plasma analysis, e.g., as shown in
FIG. 20.

[0144] In step 1650, the maternal haplotypes are deduced from the maternal genotypes from step 1640
by comparing the genotypes at the loci to the haplotype information of the relevant population. FIG. 21
shows an embodiment for determining the maternal haplotypes from the maternal genotypes and the
reference haplotypes. In the example being used, the mother is homozygous for the G allele at the third
SNP locus. As only Hap A and Hap B fulfill this criterion, this indicates the mother has one of the three
haplotype combinations, namely Hap A/HapA, Hap A/Hap B or Hap B/HapB. In addition, as the mother is
heterozygous for A and C for the first SNP, we can deduce the mother has the haplotype combination of
Hap A/Hap B. In one embodiment, more than one possibility might result, and each possibility could be
tested in the next step. From the above analyses, the haplotypes of the mother and the haplotype that the
fetus inherits from the father have been determined. FIG. 22 shows the determined maternal haplotypes
and the paternally inherited haplotype.
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[0145] In step 1660, the maternal haplotype inherited by the fetus is determined from the maternal
haplotypes identified in step 1650 and the paternally inherited haplotype identified in step 1630. Using this
information, an embodiment can use RHDO analysis to determine which maternal haplotype is passed
onto the fetus. An RHDO analysis can be performed according to any of the embodiment described
herein.

[0146] In one embodiment, for the RHDO analysis, the SNPs at which the mother is heterozygous can be
divided into two types, namely type alpha and type beta (e.g. as shown in FIG. 23 and as described
above). Type alpha SNPs refer to those loci where the paternal allele passed onto the fetus is identical to
the maternal allele located on Hap A. For type alpha SNPs, if the fetus inherits Hap A from the mother, the
allele on Hap A would be overrepresented in maternal plasma. On the other hand, if the fetus inherits Hap
B from the mother, the two maternal alleles would be equally represented in maternal plasma.

[0147] Type beta SNPs refer to those loci where the paternal allele passed onto the fetus is identical to
the maternal allele located on Hap B. For type beta SNPs, if the fetus inherits Hap B from the mother, the
allele on Hap B would be overrepresented in maternal plasma. However, if the fetus inherits Hap A from
the mother, the two maternal alleles would be equally represented in maternal plasma. The potential
overrepresentation of Hap A or Hap B alleles can be determined using RHDO analysis.

[0148] In some embodiments, to apply RHDO analysis on a particular region without prior information of
the maternal haplotypes and paternal genotypes, a relatively high-fold coverage of the SNPs within the
haplotype block can be required, for example, 200 molecules corresponding to a SNP locus may need to
be analyzed in one embodiment. This information can be obtained by, for example but not limited to, real-
time PCR, digital PCR and massively parallel sequencing. In one embodiment, targeted sequencing (e.g.,
by a combination of target enrichment and massively parallel sequencing) can be used for obtaining
representative and unbiased quantitative information of different alleles within the targeted region. An
example below describes targeted sequencing. Therefore, this RHDO analysis can be applied to targeted
sequencing data of maternal plasma DNA to determine which maternal alleles/haplotype arefis passed
onto the fetus without prior information regarding the parental genotypes/haplotypes.

VIl. DETECTION OF DE NOVO MUTATION

[0149] Some embodiments can detect a mutation that the fetus has acquired. A de novo mutation is a
mutation that is not carried by the father or the mother, but is produced, for example, during
gametogenesis from either the father or the mother or both. Such a detection has clinical utility because
de novo mutations play a significant role in causing a number of genetic diseases e.g. hemophilia A and
achondroplasia.

[0150] FIG. 24 is a flowchart illustrating a method 2400 of identifying a de novo mutation in the genome of
an unborn fetus of a pregnant female. The fetus having a father and a mother being the pregnant female,
and the father having a paternal genome with two haplotypes and the mother having a maternal genome
with two haplotypes, the method comprising:

In step 2410, a plurality of nucleic acid molecules from a biological sample obtained from the pregnant
female are sequenced. Note the sample contains a mixture of maternal and fetal nucleic acids.

In step 2420, a location of each of the sequenced nucleic acid molecule in the human genome is
identified. In one embodiment, the mapping of the sequences can be performed by single-ended or
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paired-end sequencing. In one aspect, a mapping to the human genome to find a location does not
require an exact match of each of the nucleotides for a location to be found.

In step 2430, for each of at least a portion of the locations, a maternal sequence and a paternal sequence
are determined at the location in question. For example, if 100 locations are determined in step 2420,
then the maternal and paternal genomes at these 100 locations can be determined. In one embodiment,
the paternal sequences are determined from a sample from the father as opposed to using reference
haplotypes as is described above. Thus, a mutation not in a reference genome could still be detected. In
various embodiments, the maternal sequences can be obtained from a sample that only includes
maternal DNA, or can also be obtained from the biological sample, e.g., using methods described herein.

In step 2440, a first sequence in the plurality of nucleic acid molecules that is not present in the
determined maternal or paternal sequences is identified. In one embodiment, a comparison of the first
sequence to the determined maternal or paternal sequences requires an exact match. Thus, if the match
is not exact, then the first sequence is considered to not be present in the determined maternal or
paternal sequences. In this manner, even slight de novo mutations can be identified since a de novo
mutation can be just a single nucleotide change. In another embodiment, a certain number of DNA
fragments showing the non-maternal and non-paternal sequence are required for the sequence to be
deemed as a de novo mutation. For example, a cutoff of 3 DNA fragments could be used to determine
whether a sequence, i.e. the de novo mutation, is present or not.

In step 2450, a first fractional concentration of the first sequence in the biological sample is determined.
For example, the number of DNA fragments exhibiting the first sequence could be expressed as a
proportion of all DNA fragments detected from that locus.

In step 2460, a second fractional concentration of fetal nucleic acids in the biological sample is
determined using a nucleic acid molecule that the fetus has inherited from its father, and which is present
in the paternal genome, but which is not present in the maternal genome. Such a nucleic acid molecule
might contain a first allele at a location where the father is homozygous and the mother is also
homozygous, but for a different allele, and thus the fetus is an obligate heterozygote. Informative loci as
described above can be used to determine the nucleic acid molecule to use to determine the second
fractional concentration.

[0151] In other embodiments, the second fractional concentration can be determined using other
approaches, such as the use of PCR assays, digital PCR assays or assays based on mass spectrometry,
on the Y chromosome, a panel of genetic polymorphisms, i.e. single nucleotide polymorphisms, or
insertion-deletion polymorphisms (Lun FMF et al Clin Chem 2008; 54: 1664-1672). Another alternative is
to use one or more genomic loci which exhibit different DNA methylation between the fetus and mother
(Poon LLM et al. Clin Chem 2002; 48: 35-41; Chan KCA et al. Clin Chem 2006; 52: 2211-2218; US Patent
6,927,028).

[0152] In one embodiment, the different epigenetic status is reflected by different DNA methylation
patterns. The different DNA methylation patterns can involve the RAS association domain family 1A
(RASSF1A) or the holocarboxylase synthetase (biotin-(proprionyl-Coenzyme A-carboxylase (ATP-
hydrolysing)) ligase (HLCS) gene. The amount of DNA fragments with the fetal-specific DNA methylation
profile can be expressed as a proportion of all DNA fragments originating from the differentially
methylated locus.

[0153] In step 2470, the first sequence is classified as a de novo mutation if the first and second fractional
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concentrations are about the same. A non-maternal and non-paternal sequence originating from errors in
the analysis process, e.g. sequencing errors, is a random event and has a low probability of recurrence.
Therefore, multiple DNA fragments exhibiting the same non-maternal and non-paternal sequence at
amounts similar to the measured fractional fetal DNA concentration for the sample are likely to be a de
novo mutation present in the fetal genome rather than have arisen from sequencing error. In one
embodiment, a cutoff value may be used to determine whether the fractional concentrations are the
same. For example, if the concentrations are within a specified value of each other, then the first
sequence is classified as a de novo mutation. In various embodiments, the specified value can be 5%,
10%, or 15%.

EXAMPLES

. EXAMPLE 1

[0154] To illustrate embodiments of the present invention, the following case was analyzed. A couple,
attending an obstetrics clinic for the prenatal diagnosis of beta-thalassemia, was recruited. The father was
a carrier of the -CTTT 4 base-pairs deletion of codons 41/42 of the human beta-globin gene. The
pregnant mother was a carrier of the A—G mutation at nucleotide -28 of the human beta-globin gene.
Blood samples were taken from the father and mother. For the mother, the blood sample was taken prior
to chorionic villus sampling (CVS) at 12 weeks of gestation. Following CVS, a portion was stored for the
experiment. An objective of the experiment was to construct a genomewide genetic map or to determine
the partial or complete genomic sequence of the fetus by the massively parallel sequencing of maternal
plasma DNA.

1. Determination of the parental genotypes

[0155] DNA was extracted from the buffy coats of the father and mother, and the CVS sample. These
DNA samples were subjected to analysis by the Affymetrix Genome-Wide Human SNP Array 6.0 system.
This system features 1.8 million genetic markers, including -900,000 single nucleotide polymorphisms
(SNPs) and more than -950,000 probes for the detection of copy number variations. The absolute number
and the percentages of SNPs showing different genotype combinations for the father, mother and fetus
(CVS) are shown in the table of FIG. 25A.

[0156] Even though the Affymetrix system was used in this example, in practice, any genotyping platform
known to those of skill in the art could be used. Indeed, apart from genotyping, the buffy coat DNA of the
father and mother can also be subjected to sequencing, either on a whole genome basis or for selected
genomic regions. Furthermore, any source of constitutional DNA (e.g. buccal cell DNA, hair follicle DNA,
etc) from the father and mother could be used establishing the parental genotypes.

[0157] The CVS sample was analyzed to provide a standard for comparison with the fetal genetic map
deduced from maternal plasma analysis. In addition, for this experiment, the genotype of the CVS sample
can also be used for constructing the haplotype of the mother for RHDO analysis. In this scenario, the use
of the CVS genotype for such haplotype construction purpose was only used for illustration purposes. In a
clinical application of embodiments, the maternal haplotype can be constructed through the analysis of
other individuals in the family, for example, a previous offspring, a sibling, the parents or other relatives of
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the mother. The maternal haplotypes of the chromosomal regions of interest can also be constructed by
other methods well known to those skilled in the art, some of which are mentioned herein.

[0158] For selected embodiments, the haplotype of the father of the unborn fetus to be analyzed could
also be determined. This information can be particularly useful for relative haplotype dosage for
chromosomal regions in which both the father and the mother are heterozygous.

2. Massively parallel sequencing of maternal plasma DNA

[0159] Plasma DNA obtained from the mother was subjected to massively parallel sequencing using the
llumina Genome Analyzer platform. Paired-end sequencing of the plasma DNA molecules was
performed. Each molecule was sequenced at each end for 50 bp, thus totaling 100 bp per molecule. The
two ends of each sequence were aligned to the repeat-unmasked human genome (Hg18 NCBI.36
downloaded from UCSC http://genome.ucsc.edu) using the SOAP2 program from the Beijing Genomics
Institute at Shenzhen (soap.genomics.org.cn)(Li R et al. Bioinformatics 2009, 25(15): 1966-7) The table,
FIG. 25B, lists the alignment statistics of the first 20 flow cells. Thus, with 20 flow cells, over 3.932 billion
reads were aligned to the reference human genome.

3. Calculation of the fractional fetal DNA concentrations

[0160] As mentioned above, the fractional concentration of fetal DNA in the maternal plasma sample can
be calculated from the sequencing data. One way was to analyze SNPs in which the father and mother
were both homozygous, but for different alleles from one another. For such SNPs, the fetus would be an
obligate heterozygote for one paternally-inherited and one maternally-inherited allele. In one embodiment,
any of the calculation methods described in section V may be used. In this example, calculations were
performed on the cumulative data across different polymorphic genetic loci that fulfiled the parental
genotype configuration (i.e. both parents being homozygous, but for different alleles) on different
chromosomes. The fractional concentrations of fetal DNA calculated for SNPs located on different
chromosomes are listed in the right-hand-most column of FIG. 26. As can be seen from the table, the
fractional concentrations determined for SNPs located on different chromosomes correlate very closely
with each other.

[0161] As a quality control experiment, SNPs in which the mother was homozygous and the father was
heterozygous were also investigated from the Affymetrix SNP 6.0 analysis of the buffy coat samples
(middle column of FIG. 26). It can be seen that at sufficient depth of DNA sequencing, the fractional fetal
DNA concentrations measured from this analysis were very similar to those measured for SNPs in which
both the father and mother were homozygous but for different alleles.

[0162] In one implementation, when near-concordance of the fractional fetal DNA concentrations was
observed from these two types of SNPs, one could conclude that one was close to complete sequencing
coverage of the fetal genome. In one aspect, at a lesser depth of coverage, the fractional fetal DNA
concentrations measured for SNPs in which the mother was homozygous and the father was
heterozygous would be higher than those measured for SNPs in which both the father and mother were
homozygous, but for different alleles. At such a lesser depth of coverage, the absence of a paternally-
unique allele from the sequencing results can have two possible causes: (i) that the fetus had not
inherited this allele from the father; and/or (ii) that the fetus had inherited this allele from the father, but
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then this allele was missing from the sequencing results because the depth of sequencing was not
enough.

4a. Calculation of the percentage coverage of the fetal genome

[0163] Also, as mentioned above, the percentage of the fetal genome that had been analyzed by
sequencing of maternal plasma DNA could be determined by looking at the subset of SNPs in which the
father and mother were both homozygous, but for different alleles. In this family, 45,900 SNPs on the
Affymetrix SNP 6.0 array belonged to this subset. The percentage coverage of the fetal genome could be
deduced by analyzing the plasma DNA sequencing data to see in what percentage of this subset of SNPs
could a fetal allele be detected by sequencing.

[0164] The plot in FIG. 27A illustrates the observed percentage of SNPs in this subset in which a fetal
allele could be seen from the sequencing data for the first 20 flow cells analyzed. Thus, a fetal allele could
be observed in 94% of such SNPs. This degree of sequencing corresponded to over 3.932 billion reads,
each with 100 bp of sequences. The plot in FIG. 27B shows the coverage vs. the number of reads,
instead of the number of flow cells. With the increase in throughput of different sequencing platforms, it is
expected that the number of flow cells or runs that would be used or required to generate these number
of sequence reads or length of sequences would decrease in the future.

[0165] In some embodiments, as multiple SNPs were detected in each chromosomal region or
chromosomes, the coverage of the fetal genome could be much lower than 94% while still providing an
accurate genome mapping. For example, assume there are 30 informative SNPs in a chromosomal
region, but a fetal allele is detected for only 20 SNPs out of the 30 SNPs. However, the chromosomal
region may still be accurately identified with the 20 SNPs. Thus, in one embodiment, equivalent accuracy
can be obtained with a coverage of less than 94%.

4b. Coverage of genetic map of alleles that the fetus had inherited from its father

[0166] This illustrative analysis focuses on SNP alleles in which the father was heterozygous and the
mother was homozygous. In this family, 131,037 SNPs on the Affymetrix SNP 6.0 platform belonged to
this category. A subset of these SNPs consisted of the 65,875 SNPs in which the mother was
homozygous, while the father and the fetus were both heterozygous. With the use of 20 flow cells, the
paternally-inherited alleles could be observed in 61,875 of these SNPs, indicating a coverage of 93.9%.
This latter percentage fitted well with the percentage coverage data deduced in the previous paragraph.
The correlation between the coverage of paternally-inherited alleles and the number of mappable
sequence reads and the number of flow cells sequences are shown in FIG. 28A and FIG. 28B,
respectively.

[0167] To elucidate the specificity of this approach for detecting genuine paternally-inherited fetal alleles,
the 65,162 (i.e. 131,037 - 65,875) SNPs in which the fetus had inherited alleles that were the same as
those possessed by the mother were analyzed. For such SNPs, the apparent detection of alleles different
from those possessed by the mother would represent a false-positive. Thus, amongst the 65,162 SNPs,
only 3,225 false-positives (4.95%) were observed when 20 flow cells were analyzed. These false-positives
can be the result of sequencing errors or genotyping errors of the father's or mother's DNA, or de novo
mutations in the fetus. The correlation between the false-positive rate and the number of flow cells
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sequenced is shown in FIG. 29A.

[0168] The false-positive rates can also be estimated by considering the subset of SNPs which both the
father and mother were homozygous and with the same allele. The presence of any alternative allele at
the particular locus was considered to be a false-positive. These false-positives can be the result of
sequencing errors or genotyping errors of the father's or mother's DNA, or de novo mutations in the fetus.
There were 500,673 SNPs in this subset. With the sequence data from 20 flow cells, false-positive results
were detected in 48,396 SNPs (9.67%). The correlation between false-positive rate and the number of
flow cells sequenced is shown in FIG. 29B. This false-positive rate was higher than the estimation using
the subset of SNPs which the mother and the fetus were homozygous and the father was heterozygous.
This is because, in the latter subset of SNPs, only the presence of the paternally inherited allele in
maternal plasma is considered to be a false-positive whereas, in the former subset, any allele other than
the common allele shared by the father and mother is considered as a false-positive result.

[0169] FIG. 30 shows the coverage of the fetal-specific SNPs for different number of flow cells analyzed.
The SNPs that both the father and mother were homozygous, but with different alleles, are included in this
analysis. The X-axis is the fold coverage of the fetal-specific SNPs, and the Y-axis is the percentage of
SNPs with the specified fold coverage. With the increase in the number of flow cells being analyzed, the
average number of fold coverage for the fetal-specific SNPs increases. For example, when one flow cell
was analyzed, the average coverage of SNPs was 0.23 fold. The average coverage increased to 4.52 fold
when 20 flow cells were analyzed.

5. Accuracy of a genetic map inherited from its mother

[0170] FIG. 31 shows the accuracy of Type A analysis when data from 10 flow cells were used. Section
I1.B describes embodiments of a Type A and Type B analysis (also referred to as alpha and beta). The
accuracy is for the correct determination of the haplotype that was inherited from the mother. The
accuracy is separately presented for each chromosome.

[0171] Using a likelihood ratio of 1,200 for SPRT analysis (Zhou W et al. Nat Biotechnol 2001;19:78-81;
Karoui NE et al. Statist Med 2006;25:3124-33), the accuracy ranged from 96% to 100%. As shown, even
with such a high likelihood ratio for SPRT classification, a total of 2,760 segments across the genome
could be classified. This degree of resolution is sufficient for most purposes, when one considers that
meiotic recombinations take place at the frequency of one to a low single digit number per chromosome
arm per generation. In addition, one could see that all of the misclassifications could be prevented when
the interlacing approach was used (right-hand-side of FIG. 31). As described above, the interlacing
approach uses both Type A and Type B analysis.

[0172] FIG. 32 shows the accuracy of Type B analysis when data from 10 flow cells were used. Using a
likelihood ratio of 1,200 for SPRT analysis, the accuracy ranged from 94.1% to 100%. All of the
misclassifications could be prevented when the interlacing approach was used (right-hand-side of FIG.
32), as was seen in FIG. 31.

[0173] FIG. 33 shows the accuracy of Type A analysis when the data from 20 flow cells were used. Using
a likelihood ratio of 1,200 for SPRT analysis and the "two consecutive blocks" algorithm, a total of 3,780
classifications were made and only 3 (0.1%) classifications were incorrect. FIG. 34 shows the accuracy of
Type B analysis when the data from 20 flow cells were used. Using a likelihood ratio of 1,200 for SPRT
analysis and the "two consecutive blocks" algorithm, a total of 3,355 classifications were made and only 6
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(0.2%) classifications were incorrect. In these examples, the SPRT is performed across a number of
genetic markers, such as SNPs.

Il. PRENATAL DETERMINATION OF RISK OF BETA-THALASSEMIA

[0174] In one embodiment, to determine the risk of the fetus in having beta-thalassemia (an autosomal
recessive disease) one can determine if the fetus has inherited mutant alleles carried by its father and
mother. In this case mentioned above, the father is a carrier of the -CTTT 4 base-pairs deletion of codons
41/42 of the human beta-globin gene. The pregnant mother was a carrier of the A—G mutation at
nucleotide -28 of the human beta-globin gene.

[0175] To determine if the fetus has inherited the paternal codons 41/42 mutation, the sequencing data of
the maternal plasma DNA, using the first 10 flow cells, were searched for this mutation. A total of 10 reads
with this mutation were found (FIG. 35A). Hence, the fetus had inherited the paternal mutation. In
addition, 62 reads were found to contain the wildtype sequence at codons 41/42 (FIG. 35B). Thus, the
percentage of the reads in this region containing the mutation is 0.1389. This figure is very close to the
fractional fetal DNA concentration determined in FIG. 26. In one embodiment, the risk of the fetus in
inheriting the paternal mutation can also be determined by elucidating its inheritance of genetic
polymorphisms linked to the paternal mutation.

[0176] In one embodiment, to determine the risk that the fetus has inherited the maternal -28 mutation,
RHDO analysis was performed. In this family, the -28 mutation was located on haplotype IV while the
wildtype allele was located on haplotype Ill. The results of the Type A RHDO analysis are shown in FIG.
36 while those of the Type B RHDO analysis are shown in FIG. 37. In both types of analysis, the fetal
inheritance of haplotype Ill from the mother was deduced. In other words, the fetus had inherited the
wildtype allele from the mother. The final diagnosis of the fetus was that it has inherited the codons 41/42
mutation from the father and a wildtype allele from the mother. Thus, the fetus is a heterozygous carrier
of beta-thalassemia and thus should be clinically healthy.

lll. TARGET-ENRICHMENT AND TARGETED SEQUENCING

[0177] As discussed in the previous sections, the accuracy of the estimation of the fractional fetal DNA
concentration and the resolution of the genetic map deduced from the analysis of maternal plasma DNA
can depend on the depth of coverage of the loci-of-interest. For example, we have demonstrated that a
total of 200 molecules corresponding to a SNP locus might be required to determine, with high accuracy,
the fractional fetal DNA concentration without prior information of the maternal genotype. The allele
counts for a SNP in maternal plasma can be obtained by, for example but not limited to, real-time PCR,
digital PCR and massively parallel sequencing.

[0178] As massively parallel sequencing of maternal plasma DNA can simultaneously determine the allele
counts for millions of SNPs across the whole genome, it is an ideal platform for genomewide analysis
across different loci. The basic format of massively parallel sequencing allows different regions within the
genome to be covered at similar depths. However, in order to sequence a particular region-of-interest at
high sequencing depth using random massively parallel sequencing, the remaining parts of the genome
(not intended to be analyzed) has to be sequenced to the same extent. Thus, this approach could be
costly. To improve the cost-effectiveness of the massively parallel sequencing approach, one way is to
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enrich the target region before proceeding to sequencing. Targeted sequencing can be performed by
solution phase capture (Gnirke A, et al. Solution hybrid selection with ultra-long oligonucleotides for
massively parallel targeted sequencing. Nat Biotechnol 2009;27:182-9), microarray capture (e.g. using
the NimbleGen platform) or targeted amplification (Tewhey R, et al. Microdroplet-based PCR enrichment
for large-scale targeted sequencing. Nat Biotechnol 2009;27:1025-31).

[0179] Targeted sequencing was initially applied to detect population genetic variations, e.g. for genetic
association studies. Therefore, its current application in genomics research is aimed at solving qualitative
problems (e.g. genotyping or mutation detection). However, the application of targeted sequencing in
maternal plasma DNA for noninvasive prenatal diagnosis purpose involves quantitative considerations,
the feasibility of which had been unclear. For example, the use of targeted sequencing might introduce
quantitative bias in the detection of fetal and maternal DNA in maternal plasma. In addition, previous work
has shown that fetal DNA is shorter than maternal DNA (Chan KCA et al. Size distributions of maternal
and fetal DNA in maternal plasma. Clin Chem 2004; 50: 88-92). This size difference might also introduce
quantitative bias or differential efficiency in the capture of fetal and maternal DNA in maternal plasma.
One was also not sure about the efficiency whereby such fragmented DNA molecules might be captured.
In the following descriptions, we demonstrate that targeted sequencing can be achieved by target
enrichment followed by massively parallel sequencing. We also show that target enrichment is an efficient
way of estimating the fractional fetal DNA concentration compared with whole-genome sequencing.

A. Determining Fractional Concentration Using Target-Enrichment

1. Materials and Methods

[0180] Four (M6011, M6028, M6029 and M6043) pregnant women with singleton female fetuses were
recruited. Maternal peripheral blood samples were collected into EDTA blood tubes before elective
cesarean section in the third trimester, while placenta samples were collected after elective cesarean
section. After centrifugation, DNA from the peripheral blood cells was extracted using the Blood Mini Kit
(Qiagen). DNA from 2.4 mL of plasma was extracted by the DSP DNA Blood Mini Kit (Qiagen). Maternal
genomic DNA was extracted from buffy coat and fetal genomic DNA was extracted from placental tissues.
Third trimester samples were used in this example for illustration purposes only. First and second
trimester samples can equally be used.

[0181] Maternal and fetal genotypes were determined by the Genome-Wide Human SNP Array 6.0
(Affymetrix). 5~30 ng plasma DNA for each case was used for DNA library construction by the paired-end
sample preparation kit (lllumina) according to the manufacturer's protocol of Chromatin
Immunoprecipitation Sequencing sample preparation. The adapter-ligated DNA was purified directly using
spin columns provided in a QlAquick PCR purification kit (Qiagen), without further size selection. The
adapter-ligated DNA was then amplified using a 15-cycle PCR with standard primers. The primers were
PCR Primer PE 1.0 and 2.0 from lllumina. The DNA libraries were quantified by using a NanoDrop ND-
1000 spectrophotometer (NanoDrop Technologies) and run on a 2100 Bioanalyzer, using a DNA 1000 kit
(Agilent), to check for size distribution. 0.6~1 pg of an amplified plasma DNA library was generated for
each sample in an average size of about 290 bp. The capture library was obtained from Agilent and
covered 85% of the exons on the human chrX (catalog number: 5190-1993). For all four cases in this
study, 500 ng of the amplified plasma DNA library of each case was incubated with the capture probes for
24 hours at 65°C, according to the manufacturer's instruction. After hybridization, the captured targets
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were selected by pulling down the biotinylated probe/target hybrids by using streptavidin-coated magnetic
beads (Dynal DynaMag-2 Invitrogen), and purified with the MinElute PCR Purification Kit (Qiagen). Finally,
the targeted DNA libraries were enriched by 12-cycle PCR ampilification with SureSelect GA PE primers
from Agilent. The PCR products were purified by QlAquick PCR Purification Kit (Qiagen). The DNA
libraries prepared with or without target enrichment were then subjected to random massively parallel
sequencing using the lllumina Genome Analyzer lIx. One sequencing lane on a standard flow cell was
used to sequence each DNA library.

2. Fractional concentration of fetal DNA without target enrichment

[0182] The fractional fetal DNA concentration can be calculated based on the allele counts of the
informative SNPs (i.e. SNPs that the mother is homozygous and the fetus is heterozygous). The table
below shows that 120184, 110730, 107362 and 110321 informative SNPs were identified throughout the
whole genome for the four cases, while 63, 61, 69 and 65 (respectively in the same case order) fell within
the targeted region on chromosome X. Without target enrichment, the fractional fetal DNA concentrations
were 33.4%, 31.3%, 29.2% and 34.4% based on the data of all informative SNPs in the genome.

Sample { Target Whole genome {Shared Fetal specific { Fractional fetal
enrichmentjinformative SNP jallele allele counts iDNA concentration
no. counts
M6011 §{No 120,184 15,309 3,064 33.4%
M6028 iNo 110,730 16,778 3,114 31.3%
M6029 §{No 107,362 19,889 3,404 29.2%
M6043 §{No 110,321 21,070 4,369 34.4%

3. Comparison of samples with and without target enrichment

[0183] In some embodiments, the depth of sequence coverage represented the average number of times
each base had been sequenced in a particular region. In this embodiment, we calculated the sequence
depth of the targeted region by dividing the total number of sequenced bases within the targeted region
by the targeted region length (3.05 Mb). For the regions covered by the enrichment kit, the mean
sequence coverage was 0.19 times for the non-enriched samples and 54.9 times for the enriched
samples, indicating a mean of 289-fold enrichment. At this sequencing depth, only 4.0% of the fetal-
specific alleles within the targeted region were detected before target enrichment (see table below). In
comparison, 95.8% of them became detectable after target enrichment (see table below). Therefore,
target enrichment greatly increased the detection rate of fetal specific alleles within the targeted region.

[0184] Then, we compared the fractional fetal DNA concentrations based on the read counts of all
informative SNPs within the targeted region for each sample, with and without enrichment. Without target
enrichment, the number of fetal-specific reads ranged from 0 to 6 for the four samples (see table below).
Due to the low sequence coverage, inadequate sampling of the fetal DNA molecules would prevent an
accurate estimation of the fractional fetal DNA concentration. With target enrichment, a much larger
number of fetal specific allele counts (511-776) and shared allele counts (2570-3922) within the targeted
region were observed (see table below). The fetal DNA percentages were calculated as 35.4%, 33.2%,
26.1% and 33.0%, consistent with the fetal DNA percentages estimated by the genomewide data in the
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non-enriched samples (see table below). These results indicated that maternal and fetal DNA molecules
were enriched to a similar extent within the targeted region.

SampleiTarget No. of No. of Fetal Shared {Fetal fractional
enrichment {informative jdetectable {specific jallele |specificifetal DNA
SNP within ;fetal allele counts jallele {concentration
the specific detection counts
targeted alleles rate
region
M6011 §No 63 6 9.5% 13 6 63.2%
M6028 {No 61 2 3.3% 6 2 50.0%
M6029 {No 69 2 2.9% 11 2 30.8%
M6043 iNo 65 0 0.0% 15 0 0.0%
M6011 §Yes 63 60 95.2% 3072 {661 35.4%
M6028 {Yes 61 60 98.4% 2570 511 33.2%
M6029 {Yes 69 66 95.7% 3835 {575 26.1%
M6034 {Yes 65 61 93.9% 3922 {776 33.0%

B. Determining Fetal Genome Using Target-Enrichment

[0185] One application of an RHDO method is for the noninvasive prenatal detection of maternally
inherited genetic diseases. Using massively parallel sequencing of maternal plasma without target
enrichment, RHDO analysis can accurately determine which maternal haplotype is passed onto the fetus
with an average of 17 SNPs when the sequencing depth of maternal plasma DNA is approximately 65-fold
human genome coverage. To improve the cost-effectiveness of this approach, selectively directing the
sequencing to specific regions of interest within the genome and to then applying an RHDO analysis to
the sequencing data can be performed. As an example, we demonstrated the concept using the targeted
sequencing and RHDO analysis of chromosome X. However, the targeted sequencing and RHDO
analysis can also be applied to all chromosomes, e.g. the autosomes. In one embodiment, an RHDO
analysis as described above can be used for the targeted embodiments.

[0186] Five (PW226, PW263, PW316, PW370 and PW421) pregnant women with singleton male fetuses
were recruited. Maternal peripheral blood samples were collected into EDTA blood tubes before chorionic
villus sampling in the first trimester. After centrifugation, DNA from the peripheral blood cells was
extracted using the Blood Mini Kit (Qiagen). DNA from 3.2 mL of plasma was extracted by the DSP DNA
Blood Mini Kit (Qiagen). Maternal genomic DNA was extracted from the buffy coat and fetal genomic DNA
was extracted from the chorionic villi. The samples were prepared and analyzed as described above.
Each sample was then sequenced randomly using one lane on an Illlumina flow cell.

[0187] In this example, we used the fetal genotype, along with sequencing information from nucleic acids
of the mother, to deduce the maternal haplotypes for chromosome X and deduce which haplotype was
inherited from the mother. For each SNP on chromosome X that the mother was heterozygous (i.e., an
informative SNP), the allele that was inherited by the fetus is defined as coming from the maternal
haplotype 1 (Hap I) whereas the maternal allele that was not passed onto the fetus was defined as
coming from the maternal haplotype 2 (Hap Il). In some embodiments, for clinical applications, the fetal
genotype may not be available beforehand and the maternal haplotypes can be determined or inferred by
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methods well-known to those skilled in the art and methods described herein. Chromosome X is used
here for illustration purposes only. Other chromosomes, e.g. the autosomes, can also be used in such
analysis.

[0188] For the five cases described here, all of them were carrying a singleton male fetus. As a male
fetus only inherits one chromosome X from the mother but no chromosome X from the father, the
maternal chromosome X that was passed onto the fetus would be overrepresented in the maternal
plasma. The RHDO analysis was carried out from the pter to gter of chromosome X. Starting with the SNP
closest to the pter of chromosome X, SPRT analysis can determine if the allele on Hap | or Hap Il was
statistically significantly overrepresented in the maternal plasma. If none of the two haplotypes was
statistically significantly overrepresented, the allelic counts for the next SNP can be combined for further
SPRT analysis. Additional SNPs can be combined for analysis until the SPRT process identified one of the
haplotypes as statistically significantly overrepresented. The classification process can then be restarted
at the next SNP.

[0189] FIGS. 38A and 38B shows the SPRT classification results for case PW226 as an example. There
were a total of nine successful SPRT classifications for chromosome X in this case. For each SPRT
classification, the alleles on Hap | was shown to be overrepresented in the maternal plasma sample,
indicating that the fetus had inherited Hap | from the mother. As we defined Hap | to be the haplotype
containing the alleles passed onto the fetus, the results of all these SPRT classification were correct.

[0190] The RHDO analysis results for the five cases are summarized in FIG. 39. The number of
successful SPRT classifications ranged from 1 to 9. All of the SPRT classifications were correct. A higher
fractional fetal DNA concentration was associated with a higher number of classifications. This is because
the allelic imbalance due to the presence of fetal DNA can be detected more easily when the fractional
concentration of fetal DNA is higher. Therefore, fewer SNPs may be needed to reach a successful RHDO
classification. Defined chromosomal region(s) can thus be divided into more RHDO blocks. Our results
confirm that RHDO analysis can be performed on the massively sequencing data which are obtained after
target enrichment.

[0191] Our data further showed that the targeted approach is a more cost-effective way of performing
RHDO analysis. Without target enrichment, for samples with similar fetal DNA concentrations, sequencing
by approximately 5 flow cells (i.e. 40 sequencing lanes) was required (FIG. 40) to reach the average
depth achieved for samples shown in FIG. 39. Here we show that with target enrichment, sequencing by
only one lane already reaches the average sequencing depth of some 15 to 19 fold for successful RHDO
classification. Alternatively, even higher fold-level of sequencing coverage could be achieved with
relatively little additional cost when target enrichment is used. The higher level of sequencing coverage
can effectively reduce the size of the genomic region required for successful RHDO classification and
hence improves the resolution of the analysis.

IV. TARGET-ENRICHMENT

[0192] It has been known since 2004 that circulating fetal DNA molecules are generally shorter than
maternal DNA in maternal plasma (Chan KCA et al Clin Chem 2004, 50: 88-92; Li et al Clin Chem 2004).
However, the molecular basis of this observation remained unsolved. In our current study, we generated

3.931x10° reads in the study plasma sample and used 1-bp bins in our bioinformatics analysis. The size
of each sequenced plasma DNA molecule were deduced from the genome coordinates of the ends of the
paired-end reads.



DK/EP 3783110 T3

[0193] For this analysis, we focused on single nucleotide polymorphisms (SNPs) in which the father and
mother were both homozygous, but for a different allele. For such SNPs, the fetus was an obligate
heterozygote. The allele for each SNP that the fetus had inherited from the father could be used as a
fetal-specific marker. The sizes of the fetal (using the paternally-inherited fetal-specific alleles) and total
sequences were determined for the whole genome (FIG. 41) and individually for each chromosome (FIG.
42A-42C).

[0194] We observed that the most significant differences between fetal and maternal DNA in maternal
plasma is the reduction in the 166 bp peak, relative to the 143 bp peak (FIG. 41). The most abundant
total sequences (predominantly maternal) were 166 bp in length. The most significant difference in the
size distribution between the fetal and total DNA was that fetal DNA exhibited a reduction in the 166 bp
peak (Fig. 41) and a relative prominence of the 143 bp peak. The latter likely corresponded to the
trimming of a ~20-bp linker fragment from a nucleosome to its core particle of ~146 bp (Lewin B, in Gene
IX, Jones and Bartlett, Sudbury, 2008, pp. 757-795).

[0195] From approximately 143 bp and below, the distributions of both fetal and total DNA demonstrated
a 10 bp periodicity reminiscent of nuclease-cleaved nucleosomes. These data suggest that plasma DNA
fragments are derived from apoptotic enzymatic processing. In contrast, size analysis of reads that
mapped to the non-histone bound mitochondrial genome did not show this nucleosomal pattern (FIG. 41).
These results provide a previously unknown molecular explanation for the known size differences
between fetal and maternal DNA using Y chromosome and selected polymorphic genetic markers (Chan
KCA et al Clin Chem 2004; 50: 88-92; Li et al Clin Chem 2004; 50: 1002-1011; US Patent Application
20050164241; US Patent application 20070202525), and show that such size differences exist across the
entire genome. The most likely explanation of this difference is that circulating fetal DNA molecules
consist of more molecules in which the ~20 bp linker fragment has been trimmed from a nucleosome.

[0196] Given these observations, there are a number of ways in which the sample can be enriched for
fetal DNA. In one embodiment, one can use reagents that would preferentially bind to the linker fragment.
Such reagents would be expected to bind preferentially to maternal-derived DNA when compared with
fetal-derived DNA in maternal plasma. One example of such reagents is an antibody. One target of such
an antibody is one that binds to histone HI. Histone HI is known to bind to the linker fragment. One
application of such an antibody is for performing enrichment of fetal DNA by negative selection, i.e., via
the preferential immunoprecipitation of the maternally-derived DNA in maternal plasma that contains the
linker, histone HIl-containing, fragment. Furthermore, HI is known to have a number of variants, some of
them exhibiting tissue-specific variation in expression (Sancho M et al PLoS Genet 2008; 4: e 1000227).
These variants might be further exploited to differentiate the fetal (predominantly placental) and maternal
(predominantly hematopoietic (Lui YYN et al Clin Chem 2002; 48: 421-427) DNA. For example, one can
target a histone HI variant that is predominantly expressed by trophoblastic cells to preferentially and
positively select for fetal-derived DNA in maternal plasma. This strategy can also be applied for other
histone proteins or other nucleosomal proteins that exhibit tissue-specific, especially trophoblast-specific,
patterns of expression.

[0197] Given the sharp 166 bp peak for maternal DNA, another possibility for enriching fetal DNA is to
design a system for negative selection of DNA fragments that are of 166 + 2 bp in length. For example, a
system based on capillary electrophoresis or high performance liquid chromatography could allow precise
size measurement and separation of DNA molecules. Another way for negative selection is to do this in
silico during the bioinformatic analysis of the sequencing data.
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[0198] As other DNA species in plasma, e.g. tumor DNA (Vlassov VV et al. Curr Mol Med 2010; 10: 142-
165) and transplanted organ DNA (Lo YMD et al Lancet 1998; 351: 1329-1330), is also expected to share
such features with fetal DNA in maternal plasma, the strategies listed in (1) and (2) above could also be
used for the enrichment of these DNA species.

[0199] According to one embodiment, a method for the differential enrichment of DNA species in human
plasma or serum through the targeting of the linker fragment of the nucleosomes is provided. In an
embodiment, the enrichment is made by removing one of the following: maternally-derived DNA or DNA
derived from hematopoietic cells. In another embodiment, the targeting involves a reagent (such as an
antibody or another type of protein) that would bind preferentially to a protein or nucleic acid component
of the linker fragment of the nucleosome. In another embodiment, the targeting reagent will selectively
bind to histone HI or another protein that binds to the linker fragment of the nucleosome. In another
embodiment, the targeting reagent will bind to maternal or hematological variants of histone HI or another
protein that binds to the linker fragment of the nucleosome. In one embodiment, the removal of the DNA
is carried out by immunoprecipitation or binding to a solid surface.

[0200] According to another embodiment, a method for the differential enrichment of fetal DNA in
maternal plasma or serum includes: (a) use of an antibody that would bind to one or more components of
the linker fragment of the nucleosome; (b) remove the bound fraction by immunoprecipitation or capture
to a solid surface; and (c) harvest the unbound fraction which contains an increased fractional
concentration of fetal DNA.

[0201] Any of the software components or functions described in this application, may be implemented as
software code to be executed by a processor using any suitable computer language such as, for example,
Java, C++ or Perl using, for example, conventional or object-oriented techniques. The software code may
be stored as a series of instructions, or commands on a computer readable medium for storage and/or
transmission, suitable media include random access memory (RAM), a read only memory (ROM), a
magnetic medium such as a hard-drive or a floppy disk, or an optical medium such as a compact disk
(CD) or DVD (digital versatile disk), flash memory, and the like. The computer readable medium may be
any combination of such storage or transmission devices.

[0202] Such programs may also be encoded and transmitted using carrier signals adapted for
transmission via wired, optical, and/or wireless networks conforming to a variety of protocols, including the
Internet. As such, a computer readable medium according to an embodiment of the present invention
may be created using a data signal encoded with such programs. Computer readable media encoded
with the program code may be packaged with a compatible device or provided separately from other
devices (e.g., via Internet download). Any such computer readable medium may reside on or within a
single computer program product (e.g. a hard drive or an entire computer system), and may be present
on or within different computer program products within a system or network. A computer system may
include a monitor, printer, or other suitable display for providing any of the results mentioned herein to a
user.

[0203] An example of a computer system is shown in FIG. 43. The subsystems shown in FIG. 43 are
interconnected via a system bus 4375. Additional subsystems such as a printer 4374, keyboard 4378,
fixed disk 4379, monitor 4376, which is coupled to display adapter 4382, and others are shown.
Peripherals and input/output (1/0) devices, which couple to I/O controller 4371, can be connected to the
computer system by any number of means known in the art, such as serial port 4377. For example, serial
port 4377 or external interface 4381 can be used to connect the computer apparatus to a wide area
network such as the Internet, a mouse input device, or a scanner. The interconnection via system bus
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allows the central processor 4373 to communicate with each subsystem and to control the execution of
instructions from system memory 4372 or the fixed disk 4379, as well as the exchange of information
between subsystems. The system memory 4372 and/or the fixed disk 4379 may embody a computer
readable medium. Any of the values mentioned herein can be output from one component to another
component and can be output to the user.

[0204] A computer system can include a plurality of the same components or subsystems, e.g.,
connected together by external interface 4381 or by an internal interface. In some embodiments,
computer systems, subsystem, or apparatuses can communicate over a network. In such instances, one
computer can be considered a client and another computer a server, where each can be part of a same
computer system. A client and a server can each include multiple systems, subsystems, or components.
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PATENTKRAV

1. Fremgangsmade til bestemmelse af en brgkvis koncentration af fatalt DNA
I en biologisk prave taget fra en gravid kvinde med et foster, hvilket foster har en far
og en mor, der er den gravide kvinde, hvor moren har et maternelt genom, hvor
fosteret har et fgtalt genom, hvor den biologiske preve indeholder en blanding af

maternelle og fetale nukleinsyrer, hvilken fremgangsmade omfatter:

analyse af en flerhed af nukleinsyre molekyler fra den biologiske prave, hvor

analyse af et nukleinsyremolekyle indbefatter:

identificering af en placering af nukleinsyremolekylet i det humane genom;
og
bestemmelse af en respektiv allel af nukleinsyremolekylet;

bestemmelse af ét eller flere ferste loci, hvor det fgtale genom er
heterozygotisk ved hvert farste locus, séledes at det fatale genom har en respektiv
forste og anden allel ved dette ferste locus, og hvor det maternelle genom er
homozygotisk ved hvert farste locus, saledes at det maternelle genom har to af den
respektive anden allel ved dette ferste locus, hvor den ferste allel er forskellig fra
den anden allel, hvor bestemmelse af et specifikt locus til at veere ét af det ene eller

flere farste loci indbefatter:

bestemmelse af en afskeeringsveerdi for et antal af forudsagte teellinger af
den respektive forste allel ved det specifikke locus, hvor afskeeringsveerdien
forudsiger, om det maternelle genom er homozygotisk, og det fgtale genom er
heterozygotisk, hvor afskeeringsveerdien bestemmes baseret pa en statistisk
fordeling af antal af teellinger for forskellige kombinationer af homozygositet og

heterozygositet ved det specifikke locus;

baseret pa analysen af flerheden af nukleinsyremolekyler, detektering af den

respektive farste allel og den respektive anden allel ved det specifikke locus;

bestemmelse af et antal af aktuelle teellinger af den respektive farste allel

baseret pa analysen af flerheden af nukleinsyremolekyler fra den biologiske preve;
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bestemmelse af, at det specifikke locus er ét af de ferste loci, nar antallet af

aktuelle teellinger er mindre end afskeeringsveaerdien;
for mindst ét af de ferste loci:

bestemmelse af et farste antal P af teellinger af den respektive farste allel og

et andet antal Q af teellinger af den respektive anden allel; og
beregning af den brekvise koncentration baseret pa det ferste og andet antal.

2. Fremgangsmade ifelge krav 1, hvor den brekvise koncentration

bestemmes som 2xp/(p+q).

3. Fremgangsmade ifglge krav 1 eller 2, hvor P og Q bestemmes for en
flerhed af ferste loci, og hvor den brgkvise koncentration f bestemmes som

f — Z:l:lzpi
> (p+4q)

hvor pi er det farste antal for de i'ende farste loci, og qi er det andet antal for

de i’'ende farste loci.

4. Fremgangsmade ifalge et hvilket som helst af de foregaende krav, hvor
bestemmelse af afskeeringsveerdien indbefatter bestemmelse af en statistisk

fordeling for en maksimum og en minimum brekvis koncentration.

5. Fremgangsmade ifalge et hvilket som helst af de foregaende krav, hvor
analyse af et nukleinsyremolekyle indbefatter implementering pa mindst en del af
nukleinsyremolekylerne ved mindst én teknik valgt fra gruppen bestadende af
massiv, parallel sekvensering, microarray, hybridisering, realtids-time PCR, digital

PCR og massespektrometri.

6. Fremgangsmade ifalge et hvilket som helst af de foregaende krav, hvor

den statistiske fordeling omfatter en Poisson-fordeling.
7. Fremgangsmade ifglge krav 6, og som endvidere omfatter:

berigelse af den biologiske preve opnaet fra den gravide kvinde for

nukleinsyremolekyler i et malomrade; og
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sekvensering af flerheden af nukleinsyremolekyler fra den berigede,

biologiske prave, hvor sekvenseringen er specifik for malomradet,

hvor identificiering af placeringen af nukleinsyremolekylet i det humane
genom omfatter anvendelse af sekvenseringsresultaterne til at identificere

placeringen af nukleinsyremolekylet i malomradet af det human genom.

8. Fremgangsmade ifelge krav 7, hvor berigelse af den biologiske preve
omfatter malrettet sekvensering ved oplasningsfaseindfangning, microarray-

indfangning eller malrettet amplifikation.

9. Fremgangsmade ifelge krav 7 eller 8, hvor faren har et paternelt genom,

hvor bestemmelse af det ene eller flere farste loci indbefatter:

bestemmelse af, at det paternelle genom er homozygotisk for den respektive
farste allel ved hvert locus af de loci og bestemmelse af, at det maternelle genom

er homozygotisk for den respektive anden allel ved det samme locus.

10. Computerprogram, der omfatter softwarekode, der kan udfgres af et
computersystems processor, hvilket computerprogram er konfigureret til at udfere,

ved udferelse, en fremgangsmade ifelge et hvilket som helst af de foregaende krav.
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FIG. 5A: SPRT analysis for RHDO
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which the mother is homozygous

h 4

J Analyze fragments from maternal
830 ﬁx sample to identify location in

human genome and genotype

v
Determine inherited paternal haplotype by
analyzing the determined genotypes of
fragments at at least one of the second loci

840

A 4

850 ~— Compare relative amounts of the
determined genotypes of nucleic acid
molecules at more than one locus

A
Based on the paternal haplotype and comparison of the

860 - relative amounts, determine the haplotype inherited from the
mother at the portion of the genome covered by the first loci

FIG. 8
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1000

Analyze fragments from maternal sample to

1010 identify location in human genome and allele type

i
|
|

v

Determine one or more first loci that are
1020 informative (maternal genome is homozygous,
but a non-maternal allele is detected in sample)

4

For at least one of the first loci, determine a first number
P of counts of the first allele and a second number Q of
counts of the second allele of fetus at the locus

1030 —_

A4

1040 ™ Calculate the fractional concentration based on
the first and second numbers

FIG. 10
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Determine a cutoff value for a number of ;
1110 ———  predicted counts of the respective first
allele at the specific locus

}

Y

Based on an analysis of DNA fragments of the
1120 ——— maternal sample, a first allele and a second allele
are detected at the locus

h

Determine a number of actual counts of the
1130 ——— respective first allele at the locus based on the
analysis of the DNA fragments

A 4

|
1140 ~ Identify the locus as one of the first loci when the
| number of actual counts is less than the cutoff value

FIG. 11

1100
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Prodlicted frequency

&1
0.09

0.08 -

0.06
Q.03
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Predicted frequency

0.03

0.07 -
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018 -
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408
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o2
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FIG. 12A
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FIG. 12B
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0.12
- ~ @, Mother homozygous; Fetus heterozygous
0.1 — 5. Mother heterozygous; Fetus heterozygous
i
3 “ ------- ¢. Mother heterozygous; Fetus homozygous
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1600

1610 -\ Analyze maternal sample to identify SNPs at which the
| mother is homozygous and the fetus is heterozygous

{

A 4

Deduce one or more alleles of the paternal

1620 — haplotype inherited by the fetus

A 4

1630 . Compare paternal alleles to reference haplotypes to
determine the haplotype inhetited from the father

Y

Determine loci at which the

1640 mother is heterozygous

v

1650 — Deduce maternal haplotypes using the maternal
genotypes from step 1640 and comparing the
genotypes to reference haplotypes
1660 \ Determine inherited maternal haplotype from the

two maternal haplotypes and the paternally
inherited haplotype

FIG. 16
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Sequence a plurality of nucleic acid
molecules from maternal sample

A 4

2420 —_| Identify a location of each of the sequenced
nucleic acid molecule in the human genome

A4

Determine a maternal sequence and
a paternal sequence for each ofat |
least a portion of the locations

2430

Y

2440 Identify a first sequence of nucleic acid
T molecules that is not present in the determined
maternal or paternal sequences

A

2450 Determine a first fractional
" ~{ concentration of the first sequence
in the biological sample

Y

24860 ~ Determine a second fractional concentration of fetal nucleic
acids in the biological sample using an inherited paternal
nucleic acid that is not present in the maternal genome

A

2470
\ Classify the first sequence is as a de novo mutation if the first
and second fractional concentrations are about the same

DK/EP 3783110 T3

2400

FIG. 24
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Genotype combination No. of SNPs Percentage (%)

Fetus heterozygous 220,296 24 57
Mother homozygous; father heterozygous 131,037 14.61
Mother homozygous; fetus heterozygous 111,775 1246
Mother homozygous; father heterozygous; 65,875 7.3%
fetus heterozygous
Mother homozygous; father heterozygous; 65,162 7.27
fetus homozygous
Mother homozygous; father homozygous, 45,900 5.12
but with different alleles

Total 896,756 100

FIG. 25A

; Total Raw Read Tata% Aligned - Alig Ament
Flow Cell (Million) Read {(Million} - Rete %

1 285 200 75.29
2 274 208 7522
3 268 204 7586
FIG. 25B 4 254 193 76.10
5 258 198 76.02
8 280 218 76.60
7 272 207 7597
g 253 152 75,80
9 760 195 7517
10 266 208 78.11
11 245 188 76.68
12 249 190 76.22
13 250 189 75,32
14 257 182 7479
15 750 187 75.14
16 243 187 75.93
17 270 200 74.25
18 258 197 76.48
19 258 198 74.98

20 253 193 76.31
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FIG.26  Fetal DNA concentration

estimated from 20 FCs

Chr.

Father hetero,

Father homo,;

Mother homo, Mother homo,
: Fetus hetero (%) Different alleles (%)
chr1 11.83 11.92
chr2 12.15 11.99
chr3 11.80 11.92
chr4 11.89 11.84
chr5 12.01 12.10
chrg 12.00 11.80
chr7 12.14 11.75
chr8 12.04 11.95
chr9 11.70 11.82
chri0 11.57 11.76
chrit 11.88 11.90
chr12 12.09 11.80
chri3 12.39 11.94
chri4 11.90 11.84
chr15 11.75 11.61
chr16 11.93 11.36
chr17 11.77 11.49
chr18 11.99 11.74
chri9 1177 12.02
chr20 11.74 11.56
chr21 11.74 11.37
chr22 11.81 11.34
chrx 12.03

Chr: Chromosome
homo: hecmozygous
hetero: heterozygous



FIG.27A proportion of SNPs Covered by Fetal Specific Reads
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Coverage of paternally inherited alleles (%)

FIG. 28A Correlation between coverage of paternally inherited alleles
and read counts (mother homozyaous: father heternzvgous:

fetus heterozygous)

100

Coverage of paternally inherited alleles (%)

FIG. 28B cComelation between the coverage of paternally inherited
alleles and no. of flow cells sequenced (mother homozygous;
father heterozyqous; fetus heterozygous)
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False-positive rate (%)

10

False-positive rate (%)

FIG. 29A Correlation between false-positive rate and

no. of flow cells sequenced

FIG. 29B : Correlation between false-positive rate and the
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FIG. 35A

Reads with CD41/42 paternally inherited mutation

Count=10

CGGGTATTGTCGTAGTCCTCACCTOTCTAGGGGTTTCCTGAGTTGGAGAT
CGGGTATTGTCOTAGTCCTCACCTGTCTAGGOGTTTCCTGAGT TGGAGAC
GGGTATTGTCOTAGTCCTCACCTGTCTAGGGGTTTCCTGAGTTGGAGACT
GOTATTGTCOTAGTCCTCACCTGTCTAGGGGTTTCCTGAGTTGGAGACCC
CGTAGTCCTCACCTGTCTAGGOGTTTCCTGAGTTGGAGACCCAGGTTCCC
GTAGTCCTCACCTGTCTAGGGGTTTCCTGAGTTGGAGACTCAGGTTCCCA
CTGTCTAGGGGTTTCCTGAGTTGGAGACCCAGGTTCCCATCTGGTGGTCG
TGTCTAGGGGTTTCCTGAGTTGGAGACCCAGETTCCCATCTGGTGGTCGT
TTCCTGAGTGOGAGACCLAGETTCCCATCTGGTGGTCGTCGGATTCCCAC
GTGGGAGACCCAGLTTCCCATCT GG TGGTCGTCGEATTCCCACCLTTTTA

STATTGTCCTAGTCCT CACCTETCTAGGRGTTTECTOAGTTICT
STATTRTCATAGTCCTCACCTOTCTAGGAGTTTCLTOAG
STATTGTCGTAGTCCTCACCTGTCTAGGEGTTTCCTOAS

FI G 35 B }TATTGTCGTAGTCL:TCACCTGTCI AGGEGTIGCCTGAGT

STATTOTCCTAGTCCTCACCTOYCTAGGGGTTTCCTGAG
TATTGTCCTAGTCCTCACCTCECTAGLGLTTTCCTOAG
TATTEYCETAGTCCTCACCTOTCTAGGEGTITCCTGAG

TTGTCOTAGTCCTCACCTOTCTAGGGRTTTLLTOAG TETCTYGGAGACCE
TCETAGTCCTCACCTRTCTAGGIGTY TCLTGA
TCCOAGTUCTCACCTCTCTAGGLGTITCCTHAGT T TCTIGEAGACLCAGG

COTAGTCCTCACCTCTCTAGGOGTTTCCTGAGTT T CTIGGAGACCCAGET
CTAGTCCTCACCTOTCTAGGRGTTTCCTGAGT T TTGGAGALLCAGGTT
TAGTCCTCACLTETCTAGGEGTITCCTHAGTT H .
AGTCCTCACCTEYCTAGGSGTITCLTGAGY T i TTHGAGACCCAGGTTCL.
AGTCCTCACCTOTCTAGGOGTTTCCTGAGTT CTIGGAGACLTAGGTTCC
GTCCTCACCTGICTAGGEGTTTCCTOAGTT CTTGGAGACCCAGETTCCC
GTCCTCACCTGTCTAGGEOTTTCLTGAGY ¢ "L TTGGAGACTCAGGTICEC
GTCCTCACCTGTCTAGGSETTTLLTOA CTINGAGACCCAGGTICCC
GTCCTCACCTOICTAGGOGTTTCCTGAGT T L TTGGACACCCAGGTICLL,
GCCCTCACCTGCTAGOGGTTTCCTGAGT T TCTTGGAGACLLAGGTTECC
CCTCACCYGTCTAGGOGTTTCCTGAGT TTE TTGGAGACCCAGGTTCLCAT
CCTCACCTOYCTAGBOGTTTCETGAGT T FLTTGGAGACCCAGGTICLLAT
TCACCTGYCTAGGGGTTYCLTGAGT T TTGOAGACCCAGGTTCCCATET
ACGTETCTAGGGETTTCCTGAGT T TC TTGGAGACCCAGETICCLATLTEE
ACCTETCTAGEGETTTCCTGAGT TCOACACCCAGGRTTCCCATOTRG

X TGGAGACCCAGGT TCCLATL TG

ETTOCAGACCCAGGTTLCCATCTEGT

CTTGGAGACCCAGGTTCCCATCTRGT

CTTGGAGACCCAGGTTCCCATCTEGTOET

TGGAGACCCACGTT TCTGETROTCS

CTTGLAGACCCAGGTTCCLATCTOOTOETLLTC

TOOAGACLCAGGT TCCLATCTGGTRGTLGTC

CTGHHAGACCCAGGTTCCIATCTGGEGGTLGTC

CTTGOAGACCCAGGTICCATCTRGTGORTCRTCR

CTTROAGACCCAGGTICCLATCTGETGG TCHTIGE

TGGAGACCCAGGTTCELATCTGETGGYCGTLGUA

TGGRGACCCAGGTTCCCATCTGGTGGTCGTCGGA

CTTGGAGALCCAGCGTCCCATCTGGTGLTCETCGGAT

TTGGAGATCCAGGTTCCCATCTEGTEGTCETCGOAT

TTGCAGACCCAGGTTLLCATCTGETGOTLGTUGCATTL

LTTEGAGRCCLAGETTCLCATCTGGTGOTCOTLGGATTCCT

TGGAGACCCAGHTICCCATCTBOTGLTCOTCGGATTCLL

TTGOAGACCCAGGTTCCCATCTGGTGRTCGTLEGATTCCL

Reads withwildtype sequence in CD41/42

GGGTTTCCTGAGT
BOETTICCTBAGT
GGTTTCCTGAGT

Count=62

Thus, % mutant = 10/72 = 0.1389

TGGAGACCLAGETTCCCATCTGGTEGICGTCGOATTCCCACC
TTGGAGACCCAGGTTCCCATCTRGTGETCETCRGATTCCLACC
CTTGGAGACCCAGLTTCCCATCYGETGOTLGTCGGATTCLCACC
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Genomic Cumulative counts

] Maternal alieles on Counts for alleles on SPRT
coordinates of for alleles on .
) classification
the SNP Hap 1 Hap 11 Hap | Hap 11 Hap T Hap 11
3251050 A G 22 15 22 15 Unclassified
3251284 G A 14 10 36 25 Unclassified
3251791 A G 18 11 54 36 Hap I
9865342 A G 5 3 S 3 Unclassified
9872792 A G 7 5 12 8 Unclassified
0874947 G C 1 3 13 11 Unclassified
15242479 G A 17 5 30 16 Hapl
15710521 G A 1 2 1 2 Unclassified
15710672 A .G 13 13 14 13 Unclassified
21895385 C T 15 3 29 18 Unclassified
22149641 T C 5 3 34 21 Hap 1
22201527 A C 11 10 11 10 Unclassified
23806924 C T 20 9 31 19 Unclassified
31134605 A G 33 20 Hap I
32413115 C T 6 8 6 8 Unclassified
32473184 G A 8 9 14 17 Unclassified
35730716 A G 17 14 31 31 Unclassified
35903375 C T 7 9 38 40 Unclassified
35903407 G A 6 44 42 Unclassified
35917535 T G 6 50 49 Unclassified
43475980 T G 7 16 57 65 Unclassified
47351305 A G 7 & 64 71 Unclassified
48561783 A G 5 1 69 72 Unclassified
50676020 C T 19 15 88 87 Unclasstfied
53601143 A G 8 10 96 97 Unclassified
54854802 T C 9 3 105 100 Unclassified
74921254 C A 3 3 108 103 Unclassilicd
78102680 A C 5 3 113 106 Unclassified
78313644 C T 40 24 153 130 Hap I

FIG. 38A
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Genomic Maternal alleles on Counts for alieles on Cumulative counts SoRT
coordinates of for alleles on
classification
the SNP Hap I Hp 1 Hap1 Hap 1 Hp1 1Tl
RAD3606H A G 3 0 3 0 . Mnciassified
_RA249796 A (i 2% W 32 12 Hap 1
100273993 T C 16 10 If 10 Tinclassifierd
100494847 A i 13 5 29 15 Hap T
JOE2R3058 1§} A 5 R 9 R Thiclassified
106783111 ) A 12 17 1R 20 Tnclassified
107283614 8] A 10 4 78 24 Tnclassified ..
107335205 T G 3 1 33 AR nclassified
114785655 [ T 1 7 44 32 Unclasgified
117584169 G A 3 A 2 34 Hanl
118471031 T C 3 5 3 4 Tinclassified
118488464 C T S 15 ] n Tinclassified
119474561 A T 5 4 13 24 Unelassifiad
123022714 C A 17 1?2 IO R 36, Lnclassihied
128506711 C (i 4 3 34 39 Tnclassified
130047404 ¢ T 4 H 3R .40 Tinclasaified
1301243499 C T 13 19 5l 59 Tnelissifizd
134814366 e T 17 3 63 67 . Unelassifisd |
134R18744 G A 27 18 on. R Tnclassifizd
134821671 C T 5 9 95 94 Tnclassifizd
138307378 A T 7 3 H» 47 TTnelassified
138605073 A G 10 3 112 iy Uinelassifind
144713434 ¢ T 0 16 o122 . 11A Unelassified
149377161 A G n 5 133 1 .. Unclassified
1508R8835 C . A 1 11 144 192 Unelassified
157381349 T [ ] 3 157 135 Han T
192604738 (! T ¥ 0 i 0 Tinciassified
157848587 . I¢] A 4 A 3 A Unslaséified
FIG. 38B
Total no of Average sequencing depth Fraction fetal DNA Total no of SPRT No of correct No of incoméct
e irformative SNPs. for each SNP (foid) concenzration (%) ification: ‘ Tassificati Tassification:
PW226 57 178 154 9 9 0
P63 62 15.8 154 X 4 4 0
PW3le 50 18.5 174 2 2 0
PW370 54 185 1N 1 ] 0
PW421 46 19,6 153 2 2 ]

FIG. 39
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