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ation-in-part of U.S. Utility application Ser. No. 13/110,685
(now U.S. Pat. No. 8,825,412), filed May 18, 2011 and
claims the benefit of U.S. Provisional Application Ser. No.
61/542,508, filed Oct. 3, 2011; and U.S. Provisional Appli-
cation Ser. No. 61/571,248, filed Jun. 23, 2011.

[0015] U.S. Utility application Ser. No. 13/110,685 (now
U.S. Pat. No. 8,825,412), filed May 18, 2011, claims the
benefit of U.S. Provisional Application Ser. No. 61/516,996,
filed Apr. 12, 2011; U.S. Provisional Application Ser. No.
61/448,547, filed Mar. 2, 2011; U.S. Provisional Application
Ser. No. 61/462,972, filed Feb. 9, 2011; U.S. Provisional
Application Ser. No. 61/398,159, filed Jun. 21, 2010; and
U.S. Provisional Application Ser. No. 61/395,850, filed May
18, 2010.

[0016] Each of these applications cited above is hereby
incorporated by reference in its entirety.

SEQUENCE LISTING

[0017] The instant application contains a Sequence Listing
which has been submitted electronically in ASCII format
and is hereby incorporated by reference in its entirety. Said
ASCII copy, created on Jul. 8, 2020, is named NO12US32_
SL.txt and is 8,726 kilo bytes in size.

FIELD OF THE INVENTION

[0018] The present invention generally relates to methods
and compositions for simultaneously amplifying multiple
nucleic acid regions of interest in one reaction volume.
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BACKGROUND OF THE INVENTION

[0019] To increase assay throughput and allow more effi-
cient use of nucleic acid samples, simultaneous amplifica-
tion of many target nucleic acids in a sample of interest can
be carried out by combining many oligonucleotide primers
with the sample and then subjecting the sample to poly-
merase chain reaction (PCR) conditions in a process known
in the art as multiplex PCR. Use of multiplex PCR can
significantly simplify experimental procedures and shorten
the time required for nucleic acid analysis and detection.
However, when multiple pairs are added to the same PCR
reaction, non-target amplification products may be gener-
ated, such as amplified primer dimers. The risk of generating
such products increases as the number of primers increases.
These non-target amplicons significantly limit the use of the
amplified products for further analysis and/or assays. Thus,
improved methods are needed to reduce the formation of
non-target amplicons during multiplex PCR.

[0020] Improved multiplex PCR methods would be useful
for a variety of application, such as Non-Invasive Prenatal
Genetic Diagnosis (NPD). In particular, current methods of
prenatal diagnosis can alert physicians and parents to abnor-
malities in growing fetuses. Without prenatal diagnosis, one
in 50 babies is born with serious physical or mental handi-
cap, and as many as one in 30 will have some form of
congenital malformation. Unfortunately, standard methods
have either poor accuracy, or involve an invasive procedure
that carries a risk of miscarriage. Methods based on maternal
blood hormone levels or ultrasound measurements are non-
invasive, however, they also have low accuracies. Methods
such as amniocentesis, chorion villus biopsy and fetal blood
sampling have high accuracy, but are invasive and carry
significant risks. Amniocentesis was performed in approxi-
mately 3% of all pregnancies in the US, though its frequency
of use has been decreasing over the past decade and a half.
[0021] Normal humans have two sets of 23 chromosomes
in every healthy, diploid cell, with one copy coming from
each parent. Aneuploidy, a condition in a nuclear cell where
the cell contains too many and/or too few chromosomes is
believed to be responsible for a large percentage of failed
implantations, miscarriages, and genetic diseases. Detection
of chromosomal abnormalities can identify individuals or
embryos with conditions such as Down syndrome,
Klinefelter’s syndrome, and Turner syndrome, among oth-
ers, in addition to increasing the chances of a successful
pregnancy. Testing for chromosomal abnormalities is espe-
cially important as the mother’s age: between the ages of 35
and 40 it is estimated that at least 40% of the embryos are
abnormal, and above the age of 40, more than half of the
embryos are abnormal.

[0022] It has recently been discovered that cell-free fetal
DNA and intact fetal cells can enter maternal blood circu-
lation. Consequently, analysis of this genetic material can
allow early NPD. Improved methods are desired to improve
the sensitivity and specificity and reduce the time and cost
required for NPD.

SUMMARY OF THE INVENTION

[0023] In one aspect, the invention features methods of
amplifying target loci in a nucleic acid sample. In some
embodiments, the method involves (i) contacting the nucleic
acid sample with a library of test primers (such as non-
immobilized primers) that simultaneously hybridize to at
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least 25; 50; 75; 100, 300, 500, 750, 1,000; 2,000, 5,000,
7,500; 10,000; 15,000; 19,000; 20,000; 25,000; 27,000;
28,000; 30,000, 40,000; 50,000; 75,000; or 100,000 different
target loci to produce a reaction mixture; and (ii) subjecting
the reaction mixture to primer extension reaction conditions
to produce amplified products that include target amplicons.
In some embodiments, the method also includes determining
the presence or absence of at least one target amplicon (such
as at least 50, 60, 70, 80, 90, 95, 96, 97, 98, 99, or 99.5% of
the target amplicons). In some embodiments, the method
also includes determining the sequence of at least one target
amplicon (such as at least 50, 60, 70, 80, 90, 95, 96, 97, 98,
99, or 99.5% of the target amplicons). In some embodi-
ments, the method involves multiplex PCR and sequencing
(such as high throughput sequencing). In some embodi-
ments, the method includes selecting the test primers from
a library of candidate primers by removing one or more of
the candidate primers based at least in part on the likelihood
of dimer formation between candidate primers (such as AG
values, undesirability scores, or interaction scores) prior to
contacting the nucleic acid sample with the library of test
primers.

[0024] In some embodiments, the method involves (i)
contacting a sample comprising target human loci with a
library of at least 50 (such as at least 75; 100; 300; 500; 750;
1,000; 2,000, 5,000, 7,500; 10,000; 15,000; 19,000, 20,000;
25,000; 27,000, 28,000; 30,000; 40,000; 50,000; 75,000;
100,000) non-immobilized, non-identical primers that
simultaneously hybridize to at least 50 (such as at least 75;
100; 300; 500; 750; 1,000; 2,000; 5,000; 7,500; 10,000;
15,000; 19,000; 20,000; 25,000; 27,000; 28,000; 30,000;
40,000; 50,000; 75,000; 100,000) non-identical target
human loci to produce a reaction mixture; wherein the
primers do not include molecular inversion probes (MIPs);
(ii) subjecting the reaction mixture to primer extension
reaction conditions to produce amplified products compris-
ing target amplicons; wherein the annealing temperature for
the reaction conditions is greater than a melting temperature
(such as the empirically measured or calculated T,,) of at
least 50 (such as at least 75; 100; 300; 500; 750; 1,000;
2,000, 5,000, 7,500; 10,000, 15,000, 19,000; 20,000;
25,000; 27,000, 28,000; 30,000; 40,000; 50,000; 75,000;
100,000) of the non-identical primers and/or the length of
the annealing step of the reaction conditions is greater than
5 minutes (such as at least 8, 10, 15, 20, 30, 45, 60, 75, 90,
120, 150, or 180 minutes; and wherein at least 50 (such as
at least 75; 100, 300; 500; 750; 1,000, 2,000, 5,000, 7,500,
10,000; 15,000; 19,000; 20,000; 25,000; 27,000; 28,000;
30,000; 40,000; 50,000; 75,000; 100,000) non-identical tar-
get human loci are simultaneously amplified; and (iii)
detecting the amplified products such as by sequencing the
amplified products or hybridizing the amplified products to
an array. In some embodiments, the method includes empiri-
cally measuring or calculating (such as calculating with a
computer) the melting temperature of at least 25, 50, 80, 90,
92, 94, 96, 98, 99, or 100% of the primers in the library and
selecting an annealing temperature that satisfies any of these
embodiments for PCR amplification of target loci.

[0025] In some embodiments, the method involves (i)
contacting a sample comprising target human loci with a
library of at least 2 (such as at least 5, 10, 25 50; 75; 100;
300; 500; 750; 1,000; 2,000, 5,000, 7,500; 10,000; 15,000;
19,000, 20,000; 25,000, 27,000; 28,000; 30,000; 40,000,
50,000; 75,000; 100,000) non-immobilized, non-identical
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primers that simultaneously hybridize to at least 2 (such as
at least 5, 10, 25 50, 75; 100; 300; 500; 750, 1,000, 2,000,
5,000; 7,500; 10,000; 15,000; 19,000; 20,000; 25,000,
27,000; 28,000, 30,000; 40,000, 50,000; 75,000; 100,000)
non-identical target human loci to produce a reaction mix-
ture; wherein the primers do not include molecular inversion
probes (MIPs); (ii) subjecting the reaction mixture to primer
extension reaction conditions to produce amplified products
comprising target amplicons; wherein at least 2 (such as at
least 5, 10, 25 50; 75; 100; 300; 500; 750; 1,000; 2,000;
5,000; 7,500; 10,000; 15,000; 19,000; 20,000; 25,000,
27,000; 28,000, 30,000; 40,000, 50,000; 75,000; 100,000)
non-identical target human loci are simultaneously ampli-
fied; and (iii) detecting the amplified products such as by
sequencing the amplified products or hybridizing the ampli-
fied products to an array. In various embodiments, (i) the
annealing temperature is at least 1, 2,3,4,5,6,7, 8, 9, 10,
11, 12, 13, or 15° C. greater than the melting temperature
(such as the empirically measured or calculated T,,) of at
least 2, 5, 10, 25; 50, 75; 100, 300, 500, 750; 1,000, 2,000,
5,000; 7,500; 10,000; 15,000; 19,000; 20,000; 25,000,
27,000; 28,000; 30,000, 40,000; 50,000; 75,000; 100,000; or
all of the non-identical primers; (ii) the annealing tempera-
ture is between 1 and 15° C. (such as between 1 to 10, 1 to
5,1t03,31t05,5t010,5t08,8t0 10,1010 12, or 12 to
15° C., inclusive) greater than the melting temperature (such
as the empirically measured or calculated T,,) of at least 2,
5, 10, 25; 50; 75; 100; 300; 500; 750; 1,000; 2,000; 5,000,
7,500; 10,000; 15,000; 19,000; 20,000; 25,000; 27,000;
28,000; 30,000; 40,000; 50,000; 75,000; 100,000; or all of
the non-identical primers; (iii) the annealing temperature is
atleast 1,2,3,4,5,6,7,8,9,10, 11,12, 13, or 15° C. greater
than the highest melting temperature (such as the empiri-
cally measured or calculated T,,) of the primers; (iv) the
annealing temperature is between 1 and 15° C. (such as
between 110 10, 1to 5,1t0 3,3 to 5, 5t0 10, 5to 8, 8 to
10, 10 to 12, or 12 to 15° C., inclusive) greater than the
highest melting temperature (such as the empirically mea-
sured or calculated T,,) of the primers; (v) the annealing
temperature is at least 1, 2,3, 4, 5,6,7, 8,9, 10, 11, 12, 13,
or 15° C. greater than the average melting temperature (such
as the empirically measured or calculated T,,) of at least 2,
5, 10, 25; 50; 75; 100; 300; 500; 750; 1,000; 2,000; 5,000,
7,500; 10,000; 15,000; 19,000; 20,000; 25,000; 27,000;
28,000; 30,000; 40,000; 50,000; 75,000; 100,000; or all of
the non-identical primers; or (vi) the annealing temperature
is between 1 and 15° C. (such as between 1 to 10, 1 to 5, 1
t03,3t05,5t0 10,51t 8, 8to 10, 10 to 12, or 12 to 15°
C., inclusive) greater than the average melting temperature
(such as the empirically measured or calculated T,,) of at
least 2, 5, 10, 25; 50, 75; 100, 300, 500, 750; 1,000, 2,000,
5,000; 7,500; 10,000; 15,000; 19,000; 20,000; 25,000,
27,000; 28,000; 30,000, 40,000; 50,000; 75,000; 100,000; or
all of the non-identical primers. In various embodiments, (i)
the length of the annealing step (per PCR cycle) is greater
than 1, 3, 5, 8, 10, 15, 20, 30, 45, 60, 75, 90, 120, 150, or
180 minutes or (ii) the length of the annealing step (per PCR
cycle) is between 5 and 180 minutes, such as 5 to 60, 10 to
60, 5 to 30, or 10 to 30 minutes, inclusive. In various
embodiments, any of the embodiments for annealing tem-
perature are combined with any of the embodiments for
annealing time. In various embodiments, the annealing
temperature is at least 3° C. greater than the melting tem-
perature of at least 50 of the non-identical primers, the
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annealing temperature is at least 3° C. greater than the
highest melting temperature of the primers, the annealing
temperature is at least 8° C. greater than the highest melting
temperature of the primers, the annealing temperature is at
least 3° C. greater than the average melting temperature of
the primers, the annealing temperature is at least 8° C.
greater than the average melting temperature of the primers,
the range of melting temperature of the primers is between
11to 5° C., inclusive, the range of melting temperatures of the
primers is less than 5° C., or any combination thereof. In
some embodiments, the method includes empirically mea-
suring or calculating (such as calculating with a computer)
the melting temperature of at least 25, 50, 80, 90, 92, 94, 96,
98, 99, or 100% of the primers in the library and selecting
an annealing temperature that satisfies any of these embodi-
ments for PCR amplification of target loci. In some embodi-
ments, a crowding agent, such as PEG or glycerol is
included in the reaction mixture.

[0026] Invarious embodiments of any of the aspects of the
invention, the method includes non-specifically amplifying
nucleic acids in a sample comprising target human loci;
contacting the amplified nucleic acids with a library of
non-identical primers (such as non-immobilized primers)
that simultaneously hybridize to at least 1,000 non-identical
target human loci to produce a reaction mixture; wherein the
primers do not include molecular inversion probes (MIPs);
subjecting the reaction mixture to primer extension reaction
conditions to produce amplified products comprising target
amplicons; wherein at least 1,000 non-identical target
human loci are simultaneously amplified; and sequencing
the amplified products. In some embodiments, the non-
specific amplification comprises universal polymerase chain
reaction (PCR), whole genome application, ligation-medi-
ated PCR, degenerate oligonucleotide primer PCR, or mul-
tiple displacement amplification. In some embodiments, the
method includes contacting a sample comprising target
human loci with a library of non-identical primers (such as
non-immobilized primers) that simultaneously hybridize to
at least 1,000 non-identical target human loci to produce a
reaction mixture; wherein the primers do not include
molecular inversion probes (MIPs); subjecting the reaction
mixture to primer extension reaction conditions to produce
amplified products comprising target amplicons; wherein
the annealing temperature for the reaction conditions is
greater than the melting temperature of at least 1,000 of the
non-identical primers; and wherein at least 1,000 non-
identical target human loci are simultaneously amplified;
and sequencing the amplified products. In some embodi-
ments, the method includes contacting a sample comprising
target human loci with a library of non-identical primers
(such as non-immobilized primers) that simultaneously
hybridize to at least 1,000 non-identical target human loci to
produce a reaction mixture in which the concentration of
each primer is less than 20 nM; wherein the primers do not
include molecular inversion probes (MIPs); subjecting the
reaction mixture to primer extension reaction conditions to
produce amplified products comprising target amplicons;
wherein the length of the annealing step of the reaction
conditions is greater than 10 minutes; and wherein at least
1,000 non-identical target human loci are simultaneously
amplified; and sequencing the amplified products. In some
embodiments, the method includes contacting a sample
comprising target human loci with a library of non-identical
primers (such as non-immobilized primers) that simultane-
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ously hybridize to at least 1,000 non-identical target human
loci to produce a reaction mixture; wherein the guanine-
cytosine (GC) content of the primers is between 30% and
80%, inclusive; wherein the range of melting temperatures
of the primers is less than 5° C.; wherein the length of the
primers is between 15 to 75 nucleotides, inclusive; and
wherein the primers do not include molecular inversion
probes (MIPs); subjecting the reaction mixture to primer
extension reaction conditions to produce amplified products
comprising target amplicons; wherein at least 1,000 non-
identical target human loci are simultaneously amplified;
and sequencing the amplified products. In some embodi-
ments, the method does not comprise using a microarray. In
some embodiments, the library includes a least 25; 50; 75;
100; 300; 500, 750; 1,000; 2,000; 5,000; 7,500; 10,000,
15,000, 19,000; 20,000; 25,000; 27,000; 28,000; 30,000
40,000; 50,000; 75,000; or 100,000 different primers. In
some embodiments, at least 25; 50; 75; 100; 300, 500, 750;
1,000; 2,000; 5,000; 7,500; 10,000, 15,000; 19,000; 20,000;
25,000; 27,000; 28,000, 30,000; 40,000; 50,000; 75,000, or
100,000 different target loci are amplified.

[0027] Invarious embodiments of any of the aspects of the
invention, the AG values for each possible combination of
two primers in the library are all equal to or greater than -5
kcal/mol. In some embodiments, the method simultaneously
PCR-amplifying at least 1,000 non-identical target human
loci in the sample using at least 1,000 non-identical primer
pairs (such as non-immobilized primer pairs) to produce a
first set of amplified products; wherein each primer pair
includes a forward primer and a reverse primer that hybrid-
ize to the same target human locus. In some embodiments,
the method also includes simultaneously PCR-amplifying at
least 1,000 non-identical target human loci in the first set of
amplified products using at least 1,000 non-identical primer
pairs (such as non-immobilized primer pairs) to produce a
second set of amplified products; wherein each primer pair
includes a forward primer and a reverse primer that hybrid-
ize to the same target human locus. In some embodiments,
the primer pairs used in the first and second round of PCR
are the same. In some embodiments, the primer pairs used in
the first and second round of PCR are different. In some
embodiments, the forward primers used in the first and
second round of PCR are the same, and the reverse primers
used in the first and second round of PCR are different. In
some embodiments, the forward primers used in the first and
second round of PCR are different, and the reverse primers
used in the first and second round of PCR are the same. In
some embodiments, the method simultaneously PCR-ampli-
fying at least 1,000 non-identical target human loci in the
sample using at least 1,000 non-identical primer pairs (such
as non-immobilized primer pairs) to produce a first set of
amplified products; wherein each primer pair includes an
outer forward primer and an outer reverse primer that
hybridize to the same target human locus; and simultane-
ously PCR-amplifying at least 1,000 non-identical target
human loci in the first set of amplified products using a
universal reverse primer and at least 1,000 non-identical
inner forward primers to produce a second set of amplified
products; wherein each inner forward primer hybridizes to a
region downstream from the corresponding outer forward
primer. In some embodiments, the method includes simul-
taneously PCR-amplifying at least 1,000 non-identical target
human loci in the sample using at least 1,000 non-identical
primer pairs to produce a first set of amplified products;
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wherein each primer pair includes an outer forward primer
and an outer reverse primer that hybridize to the same target
human locus; and simultaneously PCR-amplifying at least
1,000 non-identical target human loci in the first set of
amplified products using a universal forward primer and at
least 1,000 non-identical inner reverse primers to produce a
second set of amplified products; wherein each inner reverse
primer hybridizes to a region upstream from the correspond-
ing outer reverse primer. In some embodiments, the method
includes simultaneously PCR-amplifying at least 1,000 non-
identical target human loci in the sample using at least 1,000
non-identical forward primers and a universal reverse primer
to produce a first set of amplified products; and simultane-
ously PCR-amplifying at least 1,000 non-identical target
human loci in the first set of amplified products using a
universal forward primer and at least 1,000 non-identical
reverse primers to produce a second set of amplified prod-
ucts. In some embodiments, the method includes simulta-
neously PCR-amplifying at least 1,000 non-identical target
human loci in the sample using at least 1,000 non-identical
reverse primers and a universal forward primer to produce a
first set of amplified products; and simultaneously PCR-
amplifying at least 1,000 non-identical target human loci in
the first set of amplified products using a universal reverse
primer and at least 1,000 non-identical forward primers to
produce a second set of amplified products. In some embodi-
ments, at least 96% of the primer molecules are extended to
form amplified products. In some embodiments, the anneal-
ing temperature is at least 1, 2,3,4,5,6,7,8,9, 10, 11, 12,
13, or 15° C. greater than the melting temperature of at least
25; 50; 75; 100; 300; 500; 750; 1,000, 2,000; 5,000; 7,500;
10,000; 15,000; 19,000; 20,000; 25,000; 27,000; 28,000;
30,000; 40,000; 50,000; 75,000; 100,000; or all of the
non-identical primers. In some embodiments, the annealing
temperature is at least 1, 2,3, 4, 5, 6,7, 8,9, 10, 11, 12, 13,
or 15° C. greater than the highest melting temperature of the
non-identical primers. In some embodiments, the annealing
temperature is at least 1, 2,3, 4, 5, 6,7, 8,9, 10, 11, 12, 13,
or 15° C. greater than the average melting temperature of at
least 25; 50; 75; 100, 300, 500, 750, 1,000; 2,000, 5,000,
7,500; 10,000; 15,000; 19,000; 20,000; 25,000; 27,000;
28,000; 30,000; 40,000; 50,000; 75,000; 100,000; or all of
the non-identical primers. In some embodiments, the range
of melting temperature of at least 25; 50; 75; 100; 300; 500;
750; 1,000; 2,000; 5,000; 7,500; 10,000; 15,000; 19,000;
20,000; 25,000; 27,000; 28,000; 30,000; 40,000; 50,000;
75,000; 100,000; or all of the non-identical primers is
between 1 to 5° C., inclusive. In some embodiments, at least
25; 50; 75; 100; 300; 500; 750; 1,000, 2,000; 5,000; 7,500;
10,000; 15,000; 19,000; 20,000; 25,000; 27,000; 28,000;
30,000; 40,000; 50,000; 75,000; 100,000; or all of the
non-identical primers have 2, 1, or 0 guanines or cytosines
in the last 5 bases at the 3' end of the primers. In some
embodiments, the sample comprises maternal DNA from the
pregnant mother of a fetus and fetal DNA, and wherein the
method comprises determining the presence or absence of a
fetal chromosome abnormality from the sequencing data. In
some embodiments, the sample is from an individual sus-
pected of having cancer or an above normal risk for cancer;
and wherein one or more of the target human loci comprises
a polymorphism or other mutation associated with an above
normal risk for cancer or associated with cancer.

[0028] Invarious embodiments of any of the aspects of the
invention, at least 25; 50; 75; 100; 300; 500; 750; 1,000,
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2,000, 5,000, 7,500; 10,000, 15,000, 19,000; 20,000;
25,000; 27,000, 28,000; 30,000, 40,000; 50,000; 75,000; or
100,000 different target loci are amplified. In some embodi-
ments, at least 25; 50; 75; 100, 300; 500; 750; 1,000; 2,000,
5,000; 7,500; 10,000; 15,000; 19,000; 20,000; 25,000,
27,000; 28,000; 30,000; 40,000, 50,000; 75,000; or 100,000
different target loci are amplified at least 5, 10, 20, 40, 50,
60, 80, 100, 120, 150, 200, 300, or 400-fold. In some
embodiments, at least 50, 60, 70, 80, 90, 95, 96, 97, 98, 99,
or 99.5% of the amplified products are target amplicons. In
some embodiments, at least 50, 60, 70, 80, 90, 95, 96, 97, 98,
99, or 99.5% of the target loci are amplified. In some
embodiments, at least 50, 60, 70, 80, 90, 95, 96, 97, 98, 99,
or 99.5% of the target loci are amplified at least 5, 10, 20,
40, 50, 60, 80, 100, 120, 150, 200, 300, or 400-fold. In
various embodiments, less than 60, 50, 40, 30, 20, 10, 5, 4,
3,2,1,0.5,0.25,0.1, or 0.05% of the amplified products are
primer dimers. In some embodiments, the library of test
primers includes at least 25; 50; 75; 100; 300; 500; 750;
1,000, 2,000, 5,000, 7,500; 10,000; 15,000; 19,000; 20,000;
25,000; 27,000, 28,000; 30,000, 40,000; 50,000; 75,000; or
100,000 test primer pairs, wherein each pair of primers
includes a forward test primer and a reverse test primer that
hybridize to the same target locus. In some embodiments,
the library of test primers includes at least 25; 50; 75; 100;
300; 500, 750; 1,000; 2,000; 5,000, 7,500; 10,000; 15,000;
19,000; 20,000, 25,000; 27,000; 28,000; 30,000; 40,000;
50,000; 75,000; or 100,000 individual test primers that
hybridize to different target loci, wherein the individual
primers are not part of primer pairs.

[0029] Invarious embodiments of any of the aspects of the
invention, the concentration of each test primer is less than
100, 75, 50, 25, 10, 5, 2, 1, 0.5, 0.1, or 0.05 nM. In various
embodiments, the guanine-cytosine (GC) content of the test
primers is between 30 to 80%, such as between 20 to 70%,
40 to 70%, or 50 to 60%, inclusive. In some embodiments,
the range of GC content (e.g., the maximum GC content
minus minimum GC content, such as 80%-60%=a range of
20%) of the test primers is less than 30, 20, 10, or 5%. In
some embodiments, there are at least 2 (such as 3, 4, or 5)
guanines or cytosines in the last 5 bases at the 3' end of the
primers. In some embodiments, a maximum of 2 (such as 2,
1, or 0) of the bases in the last 5 bases at the 3' end of the
primers are guanines or cytosines. In some embodiments,
there are at least 1 (such as 2 or 3) guanines or cytosines in
the last 3 bases at the 3' end of the primers. In some
embodiments, the melting temperature (T,,) of the test
primers is between 40 to 80° C., such as 50 to 70° C., 55 to
65° C., 54 to 60.5° C., or 57 to 60.5° C., inclusive. In some
embodiments, the range of melting temperatures of the test
primers is less than 20, 15, 10, 5, 3, or 1° C. In some
embodiments, the length of the test primers is between 15 to
100 nucleotides, such as between 15 to 75 nucleotides, 15 to
40 nucleotides, 17 to 35 nucleotides, 18 to 30 nucleotides, or
20 to 65 nucleotides, inclusive. In some embodiments, the
test primers include a tag that is not target specific, such as
a tag that forms an internal loop structure. In some embodi-
ments, the tag is between two DNA binding regions. In
various embodiments, the test primers include a 5' region
that is specific for a target locus, an internal region that is not
specific for the target locus and forms a loop structure, and
a 3' region that is specific for the target locus. In various
embodiments, the length of the 3' region is at least 7
nucleotides. In some embodiments, the length of the 3'
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region is between 7 and 20 nucleotides, such as between 7
to 15 nucleotides, or 7 to 10 nucleotides, inclusive. In
various embodiments, the test primers include a 5' region
that is not specific for a target locus (such as a tag or a
universal primer binding site) followed by a region that is
specific for a target locus, an internal region that is not
specific for the target locus and forms a loop structure, and
a 3' region that is specific for the target locus. In some
embodiments, the range of the length of the test primers is
less than 50, 40, 30, 20, 10, or 5 nucleotides. In some
embodiments, the length of the target amplicons is between
50 and 100 nucleotides, such as between 60 and 80 nucleo-
tides, or 60 to 75 nucleotides, inclusive. In some embodi-
ments, the length of the target amplicons is at least 100; 200;
300; 400; 500; 600; 700; 800; 900; 1,000, 1,200; 1,500;
2,000; or 3,000 nucleotides. In some embodiments, the
length of the target amplicons is between 100 and 1,500
nucleotides, such as between 100 to 1,000; 100 to 500, 500
to 750, or 750 to 1,000 nucleotides, inclusive. In some
embodiments, the range of the length of the target amplicons
is less than 50, 25, 15, 10, or 5 nucleotides. In some
embodiments, at least 25; 50; 75; 100; 300; 500; 750; 1,000,
2,000; 5,000; 7,500; 10,000; 15,000, 19,000; 20,000,
25,000; 27,000; 28,000; 30,000; 40,000; 50,000; 75,000; or
100,000 or all of the target amplicons have a length that falls
within the range of the average length of the amplicons+5%
of the average length, average length+20%, average
length+20%, average length+30%, or average length+50%.
[0030] Invarious embodiments of any of the aspects of the
invention, the primer extension reaction conditions are poly-
merase chain reaction conditions (PCR). In various embodi-
ments, the length of the annealing step is greater than 3, 5,
8, 10, 15, 20, 30, 45, 60, 75, 90, 120, 150, or 180 minutes.
In various embodiments, the length of the extension step is
greater than 0.2, 0.5, 1, 3, 5, 8, 10, or 15 minutes.

[0031] Invarious embodiments of any of the aspects of the
invention, the test primers are used to simultaneously
amplify at least 300 different target loci in a sample that
includes maternal DNA from the pregnant mother of a fetus
and fetal DNA to determine the presence or absence of a
fetal chromosome abnormality. In various embodiments, the
method includes ligating a universal primer binding site to
the DNA molecules in the sample; amplifying the ligated
DNA molecules using at least 300 specific primers and a
universal primer to produce a first set of amplified products;
and amplifying the first set of amplified products using at
least 300 pairs of specific primers to produce a second set of
amplified products.

[0032] Invarious embodiments of any of the aspects of the
invention, the test primers are used to simultaneously
amplify e.g. at least 100 (e.g., at least 300 or 1,000) different
target loci in sample includes DNA from an alleged father of
a fetus and to simultaneously amplify the target loci in a
sample that includes maternal DNA from the pregnant
mother of the fetus and fetal DNA to establish whether the
alleged father is the biological father of the fetus.

[0033] Invarious embodiments of any of the aspects of the
invention, the test primers are used to simultaneously
amplify e.g. at least 100 (e.g., at least 300 or 1,000) different
target loci in one cell or multiple cells from an embryo to
determine the presence or absence of a chromosome abnor-
mality. In various embodiments, cells from a set of two or
more embryos are analyzed, and one embryo is selected for
in vitro fertilization.
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[0034] Invarious embodiments of any of the aspects of the
invention, the test primers are used to simultaneously
amplify e.g. at least 100 (e.g., at least 300 or 1,000) different
target loci in a forensic nucleic acid sample. In various
embodiments, the length of the annealing step is greater than
3, 5, 8, 10, 15, 20, 30, 45, 60, 75, 90, 120, 150, or 180
minutes

[0035] Invarious embodiments of any of the aspects of the
invention, the method involves using the test primers to
simultaneously amplify e.g. at least 100 (e.g., at least 300 or
1,000) different target loci in a control nucleic acid sample
to produce a first set of target amplicons and to simultane-
ously amplify the target loci in a test nucleic acid sample to
produce a second set of target amplicons; and comparing the
first and second sets of target amplicons to determine
whether a target locus is present in one sample but absent in
the other, or whether a target locus is present at different
levels in the control sample and the test sample. In various
embodiments, the test sample is from an individual sus-
pected of having a disease or phenotype of interest (such as
cancer), or an increased risk (such as an above normal level
of risk) for a disease or phenotype of interest; and wherein
one or more of the target loci include a sequence (e.g., a
polymorphism or other mutation) associated with an
increased risk (such as an above normal level of risk) for the
disease or phenotype of interest, or associated with the
disease or phenotype of interest. In various embodiments,
the method involves using the test primers to simultaneously
amplify e.g. at least 100 (e.g., at least 300 or 1,000) different
target loci in a control sample that includes RNA to produce
a first set of target amplicons and to simultaneously amplify
the target loci in a test sample that includes RNA to produce
a second set of target amplicons; and comparing the first and
second sets of target amplicons to determine the presence or
absence of a difference in the RNA expression levels
between the control sample and the test sample. In various
embodiments, the RNA is mRNA. In various embodiments,
the test sample is from an individual suspected of having a
disease or phenotype of interest (such as cancer) or an
increased risk for the disease or phenotype of interest (such
as cancer); and wherein one or more of the target loci
includes a sequence (e.g., a polymorphism or other muta-
tion) associated with an increased risk for the disease or
phenotype of interest or associated with the disease or
phenotype of interest. In some embodiments, the test sample
is from an individual diagnosed with a disease or phenotype
of interest (such as cancer); and wherein a difference in the
RNA expression level between the control sample and test
sample indicates a target locus includes a sequence (e.g., a
polymorphism or other mutation) associated with an
increased or decreased risk for the disease or phenotype of
interest.

[0036] In some embodiments of any of the aspects of the
invention, the test primers are selected from a library of
candidate primers based on one or more parameters, such as
the selection of primers using any of the methods of the
invention. In some embodiments, the test primers are
selected from a library of candidate primers based at least in
part on the ability of the candidate primers to form primer
dimers.

[0037] In one aspect, the invention features methods of
selecting test primers from a library of candidate primers. In
various embodiments, the selection involves (i) calculating
on a computer a score (such as an undesirability score) for
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most or all of the possible combinations of two candidate
primers from the library, wherein each score (such as an
undesirability score) is based at least in part on the likeli-
hood of dimer formation between the two candidate primers;
(i1) removing the candidate primer with the highest score
(such as an undesirability score) from the library of candi-
date primers; and (iii) if the candidate primer removed in
step (ii) is a member of a primer pair, then removing the
other member of the primer pair from the library of candi-
date primers; and (iv) optionally repeating steps (ii) and (iii),
thereby selecting a library of test primers. In some embodi-
ments, the selection method is performed until the score
(such as the undesirability score) for the candidate primer
combinations remaining in the library are all equal to or
below a minimum threshold. In some embodiments, the
selection method is performed until the number of candidate
primers remaining in the library is reduced to a desired
number. In various embodiments, a score (such as an unde-
sirability score) is calculated for at least 80, 90, 95, 98, 99,
or 99.5% of the possible combinations of candidate primers
in the library. In various embodiments, the candidate primers
remaining in the library are capable of simultaneously
amplifying at least 25; 50; 75; 100; 300; 500; 750; 1,000;
2,000; 5,000; 7,500; 10,000; 15,000, 19,000; 20,000,
25,000; 27,000; 28,000; 30,000; 40,000; 50,000; 75,000; or
100,000 different target loci. In various embodiments, the
method also includes (v) contacting a nucleic acid sample
that includes target loci with the candidate primers remain-
ing in the library to produce a reaction mixture; and (vi)
subjecting the reaction mixture to primer extension reaction
conditions to produce amplified products that includes target
amplicons.

[0038] In one aspect, the invention features methods of
selecting test primers from a library of candidate primers. In
various embodiments, the selection of test primers are
selected from a library of candidate primers involves (i)
calculating on a computer a score (such as an undesirability
score) for most or all of the possible combinations of two
candidate primers from the library, wherein each score (such
as an undesirability score) is based at least in part on the
likelihood of dimer formation between the two candidate
primers; (i) removing from the library of candidate primers
the candidate primer that is part of the greatest number of
combinations of two candidate primers with a score (such as
an undesirability score) above a first minimum threshold;
(iii) if the candidate primer removed in step (ii) is a member
of a primer pair, then removing the other member of the
primer pair from the library of candidate primers; and (iv)
optionally repeating steps (ii) and (iii), thereby selecting a
library of test primers. In some embodiments, the selection
method is performed until the score (such as the undesir-
ability score) for the candidate primer combinations remain-
ing in the library are all equal to or below the first minimum
threshold. In some embodiments, the selection method is
performed until the number of candidate primers remaining
in the library is reduced to a desired number. In various
embodiments, a score (such as an undesirability score) is
calculated for at least 80, 90, 95, 98, 99, or 99.5% of the
possible combinations of candidate primers in the library. In
various embodiments, the candidate primers remaining in
the library are capable of simultancously amplifying at least
25; 50; 75; 100; 300; 500; 750; 1,000; 2,000; 5,000; 7,500;
10,000; 15,000; 19,000; 20,000; 25,000; 27,000; 28,000
30,000; 40,000; 50,000; 75,000; or 100,000 different target
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loci. In various embodiments, the method also includes (v)
contacting a nucleic acid sample that includes target loci
with the candidate primers remaining in the library to
produce a reaction mixture; and (vi) subjecting the reaction
mixture to primer extension reaction conditions to produce
amplified products that includes target amplicons.

[0039] Invarious embodiments of any of the aspects of the
invention, the selection method involves further reducing
the number of candidate primers remaining in the library by
decreasing the first minimum threshold used in step (ii) to a
lower second minimum threshold and optionally repeating
steps (i1) and (iii). In some embodiments, the selection
method involves increasing the first minimum threshold
used in step (ii) to a higher second minimum threshold and
optionally repeating steps (i) and (iii). In some embodi-
ments, the selection method is performed until the score
(such as the undesirability score) for the candidate primer
combinations remaining in the library are all equal to or
below the second minimum threshold, or until the number of
candidate primers remaining in the library is reduced to a
desired number.

[0040] Invarious embodiments of any of the aspects of the
invention, the method involves, prior to step (i), identifying
or selecting primers that hybridize to the target loci. In some
embodiments, multiple primers (or primer pairs) hybridize
to the same target locus, and the selection method is used to
select a one primer (or one primer pair) for this target locus
based on one or more parameters. In various embodiments,
the method involves, prior to step (ii), removing a primer
pair from the library that produces a target amplicon that
overlaps with a target amplicon produced by another primer
pair. In various embodiments, a candidate primer is selected
out of a group of two or more candidate primers with equal
scores (such as undesirability scores) for removal from the
library of candidate primers based on one or more other
parameters. In some embodiments, the candidate primers
remaining in the library are used as a library of test primers
in any of the methods of the invention. In some embodi-
ments, the resulting library of test primers includes any of
the primer libraries of the invention.

[0041] Invarious embodiments of any of the aspects of the
invention, the selection method selects candidate primers
and divides them into different pools (e.g., 2, 3, 4, 5, 6, or
more different pools). Each pool can be used to simultane-
ously amplify a large number of target loci (or a subset of
target loci) in a single reaction volume. In some embodi-
ments, a graph coloring algorithm is used to divide candidate
primers into different pools. If desired, this method can be
used to minimize the number of different pools needed to
amplify most or all of the target loci.

[0042] Insome embodiments, most or all of the target loci
(such as at least 70, 80, 90, 92, 94, 96, 98, 99, or 100% of
the target loci) are amplified by at least 2, 3, 4, 5, 6, or more
different pools. In some embodiments, most or all of the
bases in the target loci (such as at least 70, 80, 90, 92, 94,
96, 98, 99, or 100% of the bases in the target loci) are
amplified by at least 2,3, 4, 5, 6, or more different pools. In
some embodiments, most or all of the bases in the target loci
(such as at least 70, 80, 90, 92, 94, 96, 98, 99, or 100% of
the bases in the target loci) are amplified by at least 2, 3, 4,
5, 6, or more different primers or primer pairs in different
pools. For example, a particular base in a target locus may
be amplified by at least 2, 3, 4, 5, 6, or more different primers
or primer pairs; wherein each different primer or primer pair
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is in a different pool. Using different primers or primer pairs
to amplify each base allows multiple independent measure-
ments of the base to be made, thereby increasing the
accuracy of the method. Dividing the different primers or
primer pairs that amplify the same base into different pools
prevents interference due to overlapping amplicons being
formed by different primers or primer pairs.

[0043] In one aspect, the invention features methods of
selecting test primers from a library of candidate primers to
form 2 or more different primer pools. In various embodi-
ments, the selection involves (i) calculating on a computer
a score (such as an undesirability score) for most or all of the
possible combinations of two candidate primers from the
library, wherein each score (such as an undesirability score)
is based at least in part on the likelihood of dimer formation
between the two candidate primers; (ii) removing the can-
didate primer with the highest score (such as an undesir-
ability score) from the library of candidate primers; and (iii)
if the candidate primer removed in step (ii) is a member of
a primer pair, then removing the other member of the primer
pair from the library of candidate primers; and (iv) option-
ally repeating steps (ii) and (iii), thereby selecting a first
pool. In some embodiments, the selection method is per-
formed until the score (such as the undesirability score) for
the candidate primer combinations remaining in the library
are all equal to or below a minimum threshold for the first
pool. In some embodiments, the selection method is per-
formed until the number of candidate primers remaining in
the library is reduced to a desired number for the first pool.
In some embodiments, after the first pool is selected those
primers are removed from further consideration and steps of
the method (such as steps (ii) and (iii)) are repeated with the
remaining primers to select a second pool. If desired, this
method may be repeated to select the desired number of
primer pools. In various embodiments, a score (such as an
undesirability score) is calculated for at least 80, 90, 95, 98,
99, or 99.5% of the possible combinations of candidate
primers in the library. In some embodiments, the score is
based at least in part on the current coverage of the bases in
the target locus (such as the number of other primer pools
that have a primer or primer pair that amplifies a particular
base in the target locus). In various embodiments, one or
more of the pools are each capable of simultaneously
amplifying at least 25; 50; 75; 100; 300; 500; 750; 1,000;
2,000; 5,000; 7,500; 10,000; 15,000, 19,000; 20,000,
25,000; 27,000; 28,000; 30,000; 40,000; 50,000; 75,000; or
100,000 different target loci. In various embodiments, the
method also includes separately contacting a nucleic acid
sample that includes target loci with two or more of the
pools to produce separate reaction mixtures; and (vi) sub-
jecting the reaction mixtures to primer extension reaction
conditions to produce amplified products that includes target
amplicons.

[0044] In one aspect, the invention features methods of
selecting test primers from a library of candidate primers to
form 2 or more different primer pools. In various embodi-
ments, the selection of test primers are selected from a
library of candidate primers involves (i) calculating on a
computer a score (such as an undesirability score) for most
or all of the possible combinations of two candidate primers
from the library, wherein each score (such as an undesir-
ability score) is based at least in part on the likelihood of
dimer formation between the two candidate primers; (ii)
removing from the library of candidate primers the candi-
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date primer that is part of the greatest number of combina-
tions of two candidate primers with a score (such as an
undesirability score) above a first minimum threshold; (iii)
if the candidate primer removed in step (ii) is a member of
a primer pair, then removing the other member of the primer
pair from the library of candidate primers; and (iv) option-
ally repeating steps (ii) and (iii), thereby selecting a first
pool. In some embodiments, the selection method is per-
formed until the score (such as the undesirability score) for
the candidate primer combinations remaining in the library
are all equal to or below the first minimum threshold for the
first pool. In some embodiments, the selection method is
performed until the number of candidate primers remaining
in the library is reduced to a desired number for the first
pool. In various embodiments, the selection method
involves further reducing the number of candidate primers
remaining in the library by decreasing the first minimum
threshold used in step (ii) to a lower second minimum
threshold and optionally repeating steps (ii) and (iii). In
some embodiments, the selection method involves increas-
ing the first minimum threshold used in step (ii) to a higher
second minimum threshold and optionally repeating steps
(i) and (iii). In some embodiments, the selection method is
performed until the score (such as the undesirability score)
for the candidate primer combinations remaining in the
library are all equal to or below the second minimum
threshold, or until the number of candidate primers remain-
ing in the library is reduced to a desired number for the first
pool. In some embodiments, after the first pool is selected
those primers are removed from further consideration and
steps of the method (such as steps (ii) and (iii)) are repeated
with the remaining primers to select a second pool. If
desired, this method may be repeated to select the desired
number of primer pools. In various embodiments, a score
(such as an undesirability score) is calculated for at least 80,
90, 95, 98, 99, or 99.5% of the possible combinations of
candidate primers in the library. In some embodiments, the
score is based at least in part on the current coverage of the
bases in the target locus (such as the number of other primer
pools that have a primer or primer pair that amplifies a
particular base in the target locus). In various embodiments,
one or more of the pools are each capable of simultaneously
amplifying at least 25; 50; 75; 100; 300; 500; 750; 1,000;
2,000, 5,000; 7,500; 10,000; 15,000, 19,000; 20,000,
25,000; 27,000; 28,000, 30,000; 40,000; 50,000; 75,000, or
100,000 different target loci. In various embodiments, the
method also includes separately contacting a nucleic acid
sample that includes target loci with two or more of the
pools to produce separate reaction mixtures; and (vi) sub-
jecting the reaction mixtures to primer extension reaction
conditions to produce amplified products that includes target
amplicons.

[0045] In some embodiments, at least 70, 80, 85, 90, 95,
or 100% of the nucleotides in a region of interest (such as an
exon) are included in at least 1, 2, 3, or 4 different amplicons
(i.e., amplicons with non-identical sequences that are
formed by different primers or primer pairs). In some
embodiments, at least 70, 80, 85, 90, 95, or 100% of the
nucleotides in at least 70, 80, 85, 90, 95, or 100% of the
regions of interest are amplified by at least 1, 2, 3, or 4
different amplicons. In some embodiments in which 2-fold
coverage is desired, the primers are divided into at least two
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different pools such the amplicons in each pool do not
overlap with each other (which would cause interference
during amplification).

[0046] Invarious embodiments of any of the aspects of the
invention, the score (such as the undesirability score) are
based at least in part on one or more parameters selected
from the group consisting of heterozygosity rate of the target
locus, disease prevalence associated with a sequence (e.g., a
polymorphism) at the target locus, disease penetrance asso-
ciated with a sequence (e.g., a polymorphism) at the target
locus, specificity of the candidate primer for the target locus,
size of the candidate primer, melting temperature of the
candidate primer, melting temperature of the target ampli-
con, GC content of the target amplicon, GC content of the
3" end of the candidate primer, homopolymer length in the
candidate primer, amplification efficiency of the target
amplicon, and size of the target amplicon.

[0047] Invarious embodiments of any of the aspects of the
invention, the score (such as the undesirability score) are
based at least in part on one or more parameters selected
from the group consisting of heterozygosity rate of the target
locus, specificity of the candidate primer for the target locus;
size of the candidate primer, melting temperature of the
candidate primer, melting temperature of the target ampli-
con, GC content of the target amplicon, GC content of the
3" end of the candidate primer, homopolymer length in the
candidate primer, amplification efficiency of the target
amplicon, and size of the target amplicon; and the test
primers are used to simultaneously amplify e.g. at least 100
(e.g., at least 300 or 1,000) different target loci in a sample
that includes maternal DNA from the pregnant mother of a
fetus and fetal DNA to determine the presence or absence of
a fetal chromosome abnormality. In various embodiments,
the method includes ligating a universal primer binding site
to the DNA molecules in the sample; amplifying the ligated
DNA molecules using e.g. at least 100 (e.g., at least 300 or
1,000) specific primers and a universal primer to produce a
first set of amplified products; and amplifying the first set of
amplified products using e.g. at least 100 (e.g., at least 300
or 1,000) pairs of specific primers to produce a second set of
amplified products. In various embodiments, at least 500;
750; 1,000; 2,000; 5,000, 7,500; 10,000; 15,000; 19,000
20,000; 25,000; 27,000; 28,000; 30,000; 40,000; 50,000
75,000; or 100,000 different primer pairs are used. In various
embodiments, at least 500; 750, 1,000; 2,000; 5,000, 7,500,
10,000; 15,000; 19,000; 20,000; 25,000; 27,000; 28,000
30,000; 40,000; 50,000; 75,000; or 100,000 different target
loci are amplified. In some embodiments, at least 25; 50; 75;
100; 300; 500; 750; 1,000; 2,000; 5,000; 7,500; 10,000
15,000, 19,000; 20,000, 25,000; 27,000; 28,000; 30,000
40,000; 50,000; 75,000; or 100,000 different target loci are
amplified at least 5, 10, 20, 40, 50, 60, 80, 100, 120, 150,
200, 300, or 400-fold. In some embodiments, at least 50, 60,
70, 80, 90, 95, 96, 97, 98, 99, 99.5, or 100% of the target loci
are amplified at least 5, 10, 20, 40, 50, 60, 80, 100, 120, 150,
200, 300, or 400-fold.

[0048] In various embodiments of any of the aspects of the
invention, the score (such as the undesirability score) are
based at least in part on one or more parameters selected
from the group consisting of heterozygosity rate of the target
locus, specificity of the candidate primer for the target locus;
size of the candidate primer, melting temperature of the
candidate primer, melting temperature of the target ampli-
con, GC content of the target amplicon, GC content of the
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3" end of the candidate primer, homopolymer length in the
candidate primer, amplification efficiency of the target
amplicon, and size of the target amplicon; and the test
primers are used to simultaneously amplify e.g. at least 100
(e.g., at least 300 or 1,000) different target loci in sample
includes DNA from an alleged father of a fetus and to
simultaneously amplify the target loci in a sample that
includes maternal DNA from the pregnant mother of a fetus
and fetal DNA to establish whether the alleged father is the
biological father of the fetus. In various embodiments, at
least 500; 750; 1,000; 2,000; 5,000; 7,500; 10,000; 15,000
19,000, 20,000; 25,000; 27,000; 28,000; 30,000; 40,000,
50,000; 75,000; or 100,000 different target loci are ampli-
fied. In some embodiments, at least 25; 50; 75; 100; 300,
500; 750; 1,000; 2,000; 5,000; 7,500; 10,000; 15,000,
19,000, 20,000; 25,000; 27,000; 28,000; 30,000; 40,000,
50,000; 75,000; or 100,000 different target loci are amplified
at least 5, 10, 20, 40, 50, 60, 80, 100, 120, 150, 200, 300, or
400-fold. In some embodiments, at least 50, 60, 70, 80, 90,
95, 96, 97, 98, 99, 99.5, or 100% of the target loci are
amplified at least 5, 10, 20, 40, 50, 60, 80, 100, 120, 150,
200, 300, or 400-fold.

[0049] In various embodiments of any of the aspects of the
invention, the score (such as the undesirability score) are
based at least in part on one or more parameters selected
from the group consisting of heterozygosity rate of the target
locus, specificity of the candidate primer for the target locus;
size of the candidate primer, melting temperature of the
candidate primer, melting temperature of the target ampli-
con, GC content of the target amplicon, GC content of the
3" end of the candidate primer, homopolymer length in the
candidate primer, amplification efficiency of the target
amplicon, and size of the target amplicon; and the test
primers are used to simultaneously amplify e.g. at least 100
(e.g., at least 300 or 1,000) different target loci in one cell or
multiple cells from an embryo to determine the presence or
absence of a chromosome abnormality. In various embodi-
ments, cells from a set of two or more embryos are analyzed,
and one embryo is selected for in vitro fertilization. In
various embodiments, at least 300, 500; 750, 1,000, 2,000,
5,000; 7,500; 10,000; 15,000; 19,000; 20,000; 25,000,
27,000; 28,000; 30,000; 40,000, 50,000; 75,000; or 100,000
different target loci are amplified. In some embodiments, at
least 25; 50; 75; 100, 300, 500, 750, 1,000, 2,000; 5,000,
7,500; 10,000; 15,000; 19,000; 20,000; 25,000; 27,000;
28,000; 30,000, 40,000, 50,000, 75,000; or 100,000 different
target loci are amplified at least 5, 10, 20, 40, 50, 60, 80, 100,
120, 150, 200, 300, or 400-fold. In some embodiments, at
least 50, 60, 70, 80, 90, 95, 96, 97, 98, 99, 99.5, or 100% of
the target loci are amplified at least 5, 10, 20, 40, 50, 60, 80,
100, 120, 150, 200, 300, or 400-fold.

[0050] Invarious embodiments of any of the aspects of the
invention, the scores (such as the undesirability scores) are
based at least in part on one or more parameters selected
from the group consisting of heterozygosity rate of the target
locus, specificity of the candidate primer for the target locus;
size of the candidate primer, melting temperature of the
candidate primer, melting temperature of the target ampli-
con, GC content of the target amplicon, GC content of the
3" end of the candidate primer, homopolymer length in the
candidate primer, amplification efficiency of the target
amplicon, and size of the target amplicon; and the test
primers are used to simultaneously amplify e.g. at least 100
(e.g., at least 300 or 1,000) different target loci in a forensic
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nucleic acid sample. In various embodiments, the length of
the annealing step is greater than 3, 5, 8, 10, 15, 20, 30, 45,
60, 75, 90, 120, 150, or 180 minutes. In various embodi-
ments, at least 300, 500, 750; 1,000, 2,000; 5,000; 7,500,
10,000; 15,000; 19,000; 20,000; 25,000; 27,000; 28,000,
30,000; 40,000; 50,000; 75,000; or 100,000 different target
loci are amplified. In some embodiments, at least 25; 50; 75;
100; 300; 500; 750; 1,000; 2,000; 5,000; 7,500; 10,000;
15,000; 19,000; 20,000; 25,000; 27,000; 28,000; 30,000,
40,000; 50,000; 75,000; or 100,000 different target loci are
amplified at least 5, 10, 20, 40, 50, 60, 80, 100, 120, 150,
200, 300, or 400-fold. In some embodiments, at least 50, 60,
70, 80, 90, 95, 96, 97, 98, 99, 99.5, or 100% of the target loci
are amplified at least 5, 10, 20, 40, 50, 60, 80, 100, 120, 150,
200, 300, or 400-fold.

[0051] Invarious embodiments of any of the aspects of the
invention, the scores (such as the undesirability scores) are
based at least in part on one or more parameters selected
from the group consisting of heterozygosity rate of the target
locus, disease prevalence associated with a sequence (e.g., a
polymorphism) at the target locus, disease penetrance asso-
ciated with a sequence (e.g., a polymorphism) at the target
locus, specificity of the candidate primer for the target locus,
size of the candidate primer, melting temperature of the
candidate primer, melting temperature of the target ampli-
con, GC content of the target amplicon, GC content of the
3" end of the candidate primer, homopolymer length in the
candidate primer, amplification efficiency of the target
amplicon, and size of the target amplicon; and the method
involves using the test primers to simultaneously amplify
e.g. at least 100 (e.g., at least 300 or 1,000) different target
loci in a control nucleic acid sample to produce a first set of
target amplicons and to simultaneously amplify the target
loci in a test nucleic acid sample to produce a second set of
target amplicons; and comparing the first and second sets of
target amplicons to determine whether a target locus is
present in one sample but absent in the other, or whether a
target locus is present at different levels in the control
sample and the test sample. In various embodiments, the test
sample is from an individual suspected of having a disease
or phenotype of interest, or an increased risk for a disease or
phenotype of interest; and wherein one or more of the target
loci include a sequence (e.g., a polymorphism) at the target
locus associated with an increased risk for the disease or
phenotype of interest, or associated with the disease or
phenotype of interest. In various embodiments, at least 300,
500; 750, 1,000; 2,000; 5,000, 7,500; 10,000; 15,000,
19,000, 20,000; 25,000, 27,000; 28,000; 30,000; 40,000,
50,000; 75,000; or 100,000 different target loci are ampli-
fied. In some embodiments, at least 25; 50; 75; 100; 300,
500; 750, 1,000; 2,000; 5,000, 7,500; 10,000; 15,000,
19,000, 20,000; 25,000, 27,000; 28,000; 30,000; 40,000,
50,000; 75,0005 or 100,000 different target loci are amplified
at least 5, 10, 20, 40, 50, 60, 80, 100, 120, 150, 200, 300, or
400-fold. In some embodiments, at least 50, 60, 70, 80, 90,
95, 96, 97, 98, 99, 99.5, or 100% of the target loci are
amplified at least 5, 10, 20, 40, 50, 60, 80, 100, 120, 150,
200, 300, or 400-fold.

[0052] Invarious embodiments of any of the aspects of the
invention, the scores (such as the undesirability scores) are
based at least in part on one or more parameters selected
from the group consisting of heterozygosity rate of the target
locus, disease prevalence associated with a sequence (e.g., a
polymorphism) at the target locus, disease penetrance asso-
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ciated with a sequence (e.g., a polymorphism) at the target
locus, specificity of the candidate primer for the target locus,
size of the candidate primer, melting temperature of the
candidate primer, melting temperature of the target ampli-
con, GC content of the target amplicon, GC content of the
3" end of the candidate primer, homopolymer length in the
candidate primer, amplification efficiency of the target
amplicon, and size of the target amplicon; and the method
involves using the test primers to simultaneously amplify
e.g. at least 100 (e.g., at least 300 or 1,000); different target
loci in a control sample that includes RNA to produce a first
set of target amplicons and to simultaneously amplify the
target loci in a test sample that includes RNA to produce a
second set of target amplicons; and comparing the first and
second sets of target amplicons to determine the presence or
absence of a difference in the RNA expression levels
between the control sample and the test sample. In various
embodiments, the RNA is mRNA.

[0053] In various embodiments, the test sample is from an
individual suspected of having a disease or phenotype of
interest (such as cancer) or an increased risk for the disease
or phenotype of interest (such as cancer); and wherein one
or more of the target loci includes a sequence (e.g., a
polymorphism or other mutation) associated with an
increased risk for the disease or phenotype of interest or
associated with the disease or phenotype of interest. In some
embodiments, the test sample is from an individual diag-
nosed with a disease or phenotype of interest (such as
cancer); and wherein a difference in the RNA expression
level between the control sample and test sample indicates
a target locus includes a sequence (e.g., a polymorphism or
other mutation) associated with an increased or decreased
risk for the disease or phenotype of interest. In various
embodiments, at least 300, 500; 750; 1,000; 2000; 5,000,
7,500, 10,000; 15,000; 19,000; 20,000; 25,000; 27,000,
28,000; 30,000; 40,000; 50,000, 75,000; or 100,000 different
target loci are amplified. In some embodiments, at least 25;
50; 75; 100; 300; 500; 750; 1,000; 2,000; 5,000; 7,500,
10,000; 15,000; 19,000; 20,000; 25,000; 27,000; 28,000
30,000; 40,000; 50,000; 75,000; or 100,000 different target
loci are amplified at least 5, 10, 20, 40, 50, 60, 80, 100, 120,
150, 200, 300, or 400-fold. In some embodiments, at least
50, 60, 70, 80, 90, 95, 96, 97, 98, 99, 99.5, or 100% of the
target loci are amplified at least 5, 10, 20, 40, 50, 60, 80, 100,
120, 150, 200, 300, or 400-fold.

[0054] In one aspect, the invention features libraries of
primers (such as non-immobilized primers). In some
embodiments, the primers are selected from a library of
candidate primers using any of the methods of the invention.
In some embodiments, the library includes primers that
simultaneously hybridize to at least 25; 50; 75; 100; 300;
500; 750; 1,000; 2,000; 5,000; 7,500; 10,000; 15,000,
19,000, 20,000; 25,000; 27,000; 28,000; 30,000; 40,000,
50,000; 75,000; or 100,000 different target loci. In some
embodiments, the library includes primers that simultane-
ously amplify at least 25; 50; 75; 100; 300; 500; 750; 1,000;
2,000, 5,000; 7,500; 10,000; 15,000, 19,000; 20,000,
25,000; 27,000; 28,000, 30,000; 40,000; 50,000; 75,000, or
100,000 different target loci. In some embodiments, the
library includes primers that simultaneously amplify at least
25; 50; 75; 100; 300, 500; 750; 1,000; 2,000; 5,000; 7,500;
10,000; 15,000; 19,000; 20,000; 25,000; 27,000; 28,000
30,000; 40,000; 50,000; 75,000; or 100,000 different target
loci such that less than 60, 40, 30, 20, 10, 5, 4, 3, 2, 1, 0.5,
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0.25, 0.1, or 0.05% of the amplified products are primer
dimers. In some embodiments, the library includes primers
that simultaneously amplify at least 25; 50; 75; 100; 300;
500; 750, 1,000; 2,000; 5,000, 7,500; 10,000; 15,000,
19,000, 20,000; 25,000, 27,000; 28,000; 30,000; 40,000,
50,000; 75,000; or 100,000 different target loci such that at
least 50, 60, 70, 80, 90, 95, 96, 97, 98, 99, or 99.5% of the
amplified products are target amplicons. In some embodi-
ments, the library includes primers that simultaneously
amplify target loci such that at least 50, 60, 70, 80, 90, 95,
96, 97, 98, 99, or 99.5% of the target loci out of at least 25;
50, 75; 100; 300; 500; 750; 1,000; 2,000; 5,000; 7,500,
10,000; 15,000; 19,000; 20,000; 25,000; 27,000; 28,000
30,000; 40,000; 50,000; 75,000; or 100,000 different target
loci are amplified. In some embodiments, at least 25; 50; 75;
100; 300; 500; 750; 1,000; 2,000; 5,000; 7,500; 10,000
15,000, 19,000; 20,000, 25,000; 27,000; 28,000; 30,000
40,000; 50,000; 75,000; or 100,000 different target loci are
amplified at least 5, 10, 20, 40, 50, 60, 80, 100, 120, 150,
200, 300, or 400-fold. In some embodiments, at least 50, 60,
70, 80, 90, 95, 96, 97, 98, 99, 99.5, or 100% of the target loci
are amplified at least 5, 10, 20, 40, 50, 60, 80, 100, 120, 150,
200, 300, or 400-fold. In some embodiments, the library of
primers includes at least 25; 50; 75; 100; 300; 500; 750;
1,000; 2,000; 5,000; 7,500; 10,000; 15,000; 19,000; 20,000;
25,000; 27,000; 28,000; 30,000; 40,000; 50,000; 75,000; or
100,000 non-identical primers or primer pairs. In some
embodiments, the library of primers includes at least 25; 50;
75; 100; 300; 500; 7505 1,000, 2,000; 5,000; 7,500, 10,000;
15,000, 19,000; 20,000, 25,000; 27,000; 28,000; 30,000
40,000; 50,000; 75,000; or 100,000 primer pairs, wherein
each pair of primers includes a forward test primer and a
reverse test primer where each pair of test primers hybridize
to a target locus. In some embodiments, the library of
primers includes at least 25; 50; 75; 100; 300; 500; 750;
1,000; 2,000; 5,000; 7,500; 10,000; 15,000; 19,000; 20,000;
25,000; 27,000; 28,000; 30,000; 40,000; 50,000; 75,000; or
100,000 individual primers that each hybridize to a different
target locus, wherein the individual primers are not part of
primer pairs. In some embodiments, the primers in the
library are not immobilized (such as not immobilized to a
solid support) or not part of a microarray. In some embodi-
ments, the primers are dissolved in solution (such as dis-
solved in the liquid phase). In some embodiments, the
library of primers consists essentially of, or consists of
primers.

[0055] Insome embodiments, AG values for each possible
combination of two primers (each possible primer dimer) in
a library are all equal to or greater than -20, —-18, -16, -14,
-12, -10, -9, -8, -7, -6, =5, -4, -3, -2, or -1 kcal/mol. In
some embodiments, AG values for at least 80, 85, 90, 92, 94,
96, 98, 99, or 100% of the primers in the library for possible
combinations of that primer with other primers in the library
are all equal to or greater than -20, -18, -16, -14, -12, -10,
-9, -8, -7, =6, =5, -4, -3, =2, or -1 kcal/mol.

[0056] Invarious embodiments of any of the aspects of the
invention, the concentration of each primer is less than 100,
75, 50, 25, 10, 5, 2, 1, 0.5, 0.1, or 0.05 nM. In various
embodiments, the GC content of the primers is between 30
to 80%, such as between 40 to 70%, 20 to 70%, or 50 to
60%, inclusive. In some embodiments, the range of GC
content of the primers is less than 30, 20, 10, or 5%. In some
embodiments, there are at least 2 (such as 3, 4, or 5)
guanines or cytosines in the last 5 bases at the 3' end of the
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primers. In some embodiments, there are at least 1 (such as
2 or 3) guanines or cytosines in the last 3 bases at the 3' end
of'the primers. In some embodiments, a maximum of 2 (such
as 2, 1, or 0) bases in the last 5 bases at the 3' end of the
primers are guanines or cytosines. In some embodiments,
the melting temperature of the primers is between 40 to 80°
C., such as 50 to 70° C., 55 to 65° C., 54 to 60.5° C., or 57
to 60.5° C., inclusive. In some embodiments, the range of
melting temperature of the primers is less than 15, 10, 5, 3,
or 1° C. In some embodiments, the length of the primers is
between 15 to 100 nucleotides, such as between 15 to 75
nucleotides, 15 to 40 nucleotides, 17 to 35 nucleotides, 18 to
30 nucleotides, or 20 to 65 nucleotides, inclusive. In some
embodiments, the primers include a tag that is not target
specific, such as a tag that forms an internal loop structure.
In some embodiments, the tag is between two DNA binding
regions. In various embodiments, the primers include a 5'
region that is specific for a target locus, an internal region
that is not specific for the target locus and forms a loop
structure, and a 3' region that is specific for the target locus.
In various embodiments, the length of the 3' region is at least
7 nucleotides. In some embodiments, the length of the 3'
region is between 7 and 20 nucleotides, such as between 7
to 15 nucleotides, or 7 to 10 nucleotides, inclusive. In
various embodiments, the primers include a 5' region that is
not specific for a target locus (such as another tag or a
universal primer binding site) followed by a region that is
specific for a target locus, an internal region that is not
specific for the target locus and forms a loop structure, and
a 3' region that is specific for the target locus. In some
embodiments, the range of the length of the primers is less
than 50, 40, 30, 20, 10, or 5 nucleotides. In some embodi-
ments, the length of the target amplicons is between 50 and
100 nucleotides, such as between 60 and 80 nucleotides, or
60 to 75 nucleotides, inclusive. In some embodiments, the
range of the length of the target amplicons is less than 50, 25,
15, 10, or 5 nucleotides. In some embodiments, the target
loci are on two or more different chromosomes, such as two
or more of chromosomes 13, 18, 21, X and Y. In some
embodiments, the target loci are target human loci. In some
embodiments, the target loci includes a sequence (e.g., a
polymorphism or other mutation) associated with an
increased risk for the disease or phenotype of interest (such
as cancer), or associated with the disease or phenotype of
interest (such as cancer). In some embodiments, the poly-
morphism or mutation is a driver mutation that has a
causative role in the disease or phenotype of interest (such
as cancer). In some embodiments, the polymorphism or
mutation is not a causative mutation. For example, in some
cancers, multiple mutations accumulate but some of them
are not causative mutations. Polymorphisms or mutations
(such as those that are present at a higher frequency in
subjects with a disease or phenotype of interest such as
cancer than subjects without the disease or phenotype of
interest such as cancer) that are not causative can still be
useful for diagnosing the disease or phenotype. In some
embodiments, the polymorphisms or mutation is present at
a higher frequency in subjects with a disease or disorder
(such as cancer) than subjects (such as healthy or normal
subjects) without the disease or disorder (such as cancer). In
some embodiments, the polymorphisms or mutation is
indicative of cancer, such as a causative mutation. In some
embodiments, the polymorphism(s) or mutation(s) are
directly detected. In some embodiments, the polymorphism
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(s) or mutation(s) are indirectly detected by detection of one
or more sequences (e.g., a polymorphic locus such as a SNP)
that are linked to the polymorphism or mutation).

[0057] Inone aspect, the invention provides a composition
that includes any of the primer libraries of the invention
(such as non-immobilized primers). In some embodiments,
the composition includes one or more free nucleotides (such
as deoxynucleotides, ATP, CTP, GTP, TTP, UTP, dATP,
dCTP, dGTP, dTTP, dUTP an activated nucleotide or deoxy-
nucleotide, or a non-naturally occurring nucleotide or
deoxynucleotide). In some embodiments, the composition
includes at least one primer (e.g., at least 25; 50; 75; 100;
300; 500; 750; 1,000; 2,000; 5,000; 7,500; 10,000; 15,000;
19,000; 20,000, 25,000; 27,000; 28,000; 30,000; 40,000;
50,000; 75,000; or 100,000 non-identical primers) with a
polynucleotide sequence of a human nucleic acid and at least
one primer (e.g., at least 25; 50; 75; 100; 300; 500; 750;
1,000; 2,000, 5,000, 7,500; 10,000; 15,000; 19,000, 20,000;
25,000; 27,000, 28,000; 30,000, 40,000; 50,000; 75,000; or
100,000 non-identical primers) with a polynucleotide
sequence that is not found in a human (such as a universal
primer, a primer that comprises a region or consists entirely
of random nucleotides, or a primer with a region such as a
tag or barcode of one or more nucleotides that are not found
in a human or are not found in nature as part of the
polynucleotide sequence of the primer). In some embodi-
ments, the composition includes at least one primer (e.g., at
least 25; 50; 75; 100, 300, 500, 750, 1,000; 2,000, 5,000,
7,500; 10,000; 15,000; 19,000; 20,000; 25,000; 27,000;
28,000; 30,000; 40,000; 50,000; 75,000; or 100,000 non-
identical primers) with the polynucleotide sequence of a
human nucleic acid and one or more non-human or non-
naturally occurring enzymes (e.g., ligase or polymerase
from a species other than a human, such as a bacterial or
non-naturally-occurring ligase or polymerase). In some
embodiments, the composition includes at least one primer
(e.g., at least 25; 50; 75; 100; 300; 500; 750; 1,000; 2,000,
5,000; 7,500; 10,000; 15,000; 19,000; 20,000; 25,000,
27,000; 28,000; 30,000; 40,000, 50,000; 75,000; or 100,000
non-identical primers) with the polynucleotide sequence of
a human nucleic acid and a buffer or additive that is
non-naturally-occurring or is not found in a human. In some
embodiments, the composition comprises, consists essen-
tially of, or consists of one or more of the following:
primer(s), amplicon(s) free nucleotide(s), non-human or
non-naturally occurring enzyme(s), buffer(s), additive(s), or
any combination thereof. In some embodiments, the com-
position comprises, consists essentially of, or consists of
primers and one or more non-human or non-naturally occur-
ring enzymes. Exemplary non-naturally occurring enzymes
contain at least one sequence difference compared to natu-
rally occurring (wild-type) enzymes.

[0058] Inone aspect, the invention provides a composition
comprising at least 100 different amplicons (e.g., at least
300, 500; 750; 1,000; 2,000, 5,000; 7,500; 10,000; 15,000
19,000, 20,000; 25,000, 27,000; 28,000; 30,000; 40,000,
50,000; 75,000; or 100,000 non-identical amplicons) in
solution in one reaction volume. In some embodiments, the
amplicons are produced from the simultaneous PCR ampli-
fication of at least 100 different target loci (e.g., at least 25;
50, 75; 100; 300; 500; 750; 1,000; 2,000; 5,000; 7,500,
10,000; 15,000; 19,000; 20,000; 25,000; 27,000; 28,000
30,000, 40,000; 50,000; 75,000; or 100,000 non-identical
target loci) using at least 100 different primers or primer
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pairs (e.g., at least 25; 50; 75; 100; 300; 500; 750; 1,000;
2,000, 5,000; 7,500; 10,000; 15,000, 19,000; 20,000,
25,000; 27,000; 28,000, 30,000; 40,000; 50,000; 75,000, or
100,000 non-identical primers or primer pairs) in one reac-
tion volume. In some embodiments, (i) less than 60% of the
amplified products are primer dimers and at least 40% of the
amplified products are target amplicons, (ii) less than 40% of
the amplified products are primer dimers and at least 60% of
the amplified products are target amplicons, (iii) less than
20% of the amplified products are primer dimers and at least
80% of the amplified products are target amplicons, (iv) less
than 10% of the amplified products are primer dimers and at
least 90% of the amplified products are target amplicons, or
(v) less than 5% of the amplified products are primer dimers
and at least 95% of the amplified products are target ampli-
cons. In some embodiments, the length of the target ampli-
cons is between 50 and 100 nucleotides, such as between 60
and 80 nucleotides, or 60 and 75 nucleotides, inclusive. In
some embodiments, the range of the length of the target
amplicons is less than 50, 25, 15, 10, or 5 nucleotides. In
some embodiments, the range of the length of the target
amplicons is between 5 to 50 nucleotides, such as 5 to 25
nucleotides, 5 to 15 nucleotides, or 5 to 10 nucleotides,
inclusive. In some embodiments, the composition includes
at least 1,000 different amplicons in solution in one reaction
volume. In some embodiments, the amplicons are produced
from the simultaneous PCR amplification of at least 1,000
different target human loci using at least 1,000 different
primers in one reaction volume; wherein (i) less than 20% of
the amplicons are primer dimers, and (ii) at least 80% of the
amplicons comprise one of the target human loci and are
between 50 and 100 nucleotides in length, inclusive. In some
embodiments, the composition consists essentially of, or
consists of one or more of the following: amplicons, primers
(such as any of the primers disclosed herein), free nucleotide
(s), non-human or non-naturally occurring enzyme(s), buffer
(s), or any combination thereof. In some embodiments, at
least one amplicon or primer has a non-human or non-
naturally occurring sequence, nucleotide, or linkage
between nucleotides.

[0059] Inone aspect, the invention provides a composition
comprising at least 100 different primers or primer pairs
(e.g., at least 300; 500; 750; 1,000; 2,000; 5,000; 7,500,
10,000; 15,000; 19,000; 20,000; 25,000; 27,000; 28,000
30,000, 40,000; 50,000; 75,000; or 100,000 non-identical
primers or primer pairs) and at least 100 different amplicons
(e.g., at least 300, 500; 750; 1,000; 2,000; 5,000; 7,500,
10,000; 15,000; 19,000; 20,000; 25,000; 27,000; 28,000
30,000, 40,000; 50,000; 75,000; or 100,000 non-identical
amplicons) in solution in one reaction volume. In some
embodiments, the amplicons are produced from the simul-
taneous PCR amplification of at least 100 different target
loci (e.g., at least 300; 500; 750; 1,000; 2,000; 5,000; 7,500;
10,000; 15,000; 19,000; 20,000; 25,000; 27,000; 28,000
30,000, 40,000; 50,000; 75,000; or 100,000 non-identical
target loci) using the primers or primer pairs in one reaction
volume. In some embodiments, (i) less than 60% of the
amplified products are primer dimers and at least 40% of the
amplified products are target amplicons, (ii) less than 40% of
the amplified products are primer dimers and at least 60% of
the amplified products are target amplicons, (iii) less than
20% of the amplified products are primer dimers and at least
80% of the amplified products are target amplicons, (iv) less
than 10% of the amplified products are primer dimers and at
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least 90% of the amplified products are target amplicons, or
(v) less than 5% of the amplified products are primer dimers
and at least 95% of the amplified products are target ampli-
cons. In some embodiments, the length of the target ampli-
cons is between 50 and 100 nucleotides, such as between 60
and 80 nucleotides, or 60 and 75 nucleotides, inclusive. In
some embodiments, the range of the length of the target
amplicons is less than 50, 25, 15, 10, or 5 nucleotides. In
some embodiments, the range of the length of the target
amplicons is between 5 to 50 nucleotides, such as 5 to 25
nucleotides, 5 to 15 nucleotides, or 5 to 10 nucleotides,
inclusive. In some embodiments, the composition compris-
ing at least 1,000 different primers and at least 1,000
different amplicons in solution in one reaction volume. In
some embodiments, the amplicons are produced from the
simultaneous PCR amplification of at least 1,000 different
target human loci with the primers in one reaction volume;
wherein (i) less than 20% of the amplicons are primer
dimers, and (ii) at least 80% of the amplicons comprise one
of the target loci and are between 50 and 100 nucleotides in
length, inclusive. In some embodiments, the composition
consists essentially of, or consists of one or more of the
following: amplicons, primers (such as any of the primers
disclosed herein), free nucleotide(s), non-human or non-
naturally occurring enzyme(s), buffer(s), or any combination
thereof. In some embodiments, at least one amplicon or
primer has a non-human or non-naturally occurring
sequence, nucleotide, or linkage between nucleotides.

[0060] In one aspect, the invention provides kits that
include any of the primer libraries or compositions of the
invention for amplifying target loci in a nucleic acid sample.
In some embodiments, the kits consists essentially of, or
consists of primers, primers and instructions for using the
primers, a composition of the invention, or a composition of
the invention and instructions for using the composition. In
some embodiments, the kit includes instructions for using
the library to amplify the target loci.

[0061] In one aspect, the invention provides an apparatus,
device, or composition that includes any of the primer
libraries or compositions of the invention. In some embodi-
ments, the apparatus, device, or composition includes a
physical structure (such as one or more reaction vessels,
reaction chambers, or wells) that contains the primer library
or composition of the invention (for example, the primers
may be dissolved in a solution that is in the physical
structure). In some embodiments, the physical structure is a
non-naturally occurring physical structure or a physical
structure that does not naturally contain a primer library or
composition of the invention (such as a physical structure
that is not found in nature with nucleic acids in it).

[0062] In one aspect, the invention features methods for
determining a ploidy status of chromosome in a gestating
fetus. In some embodiments, the method involves contacting
a nucleic acid sample with a library of primers that simul-
taneously hybridize to at least 25; 50; 75; 100; 300; 500;
750; 1,000; 2,000; 5,000, 7,500; 10,000; 15,000; 19,000
20,000; 25,000; 27,000; 28,000; 30,000; 40,000; 50,000
75,000; or 100,000 different polymorphic loci to produce a
reaction mixture; wherein the nucleic acid sample includes
maternal DNA from the mother of the fetus and fetal DNA
from the fetus. In some embodiments, the reaction mixture
is subjected to primer extension reaction conditions to
produce amplified products; the amplified products are mea-
sured with a high throughput sequencer to produce sequenc-
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ing data; allele counts at the polymorphic loci are calculated
on a computer based on the sequencing data; a plurality of
ploidy hypotheses each pertaining to a different possible
ploidy state of the chromosome are created on a computer;
a joint distribution model for the expected allele counts at
the polymorphic loci on the chromosome is built on a
computer for each ploidy hypothesis; a relative probability
of each of the ploidy hypotheses is determined on a com-
puter using the joint distribution model and the allele counts;
and the ploidy state of the fetus is called by selecting the
ploidy state corresponding to the hypothesis with the great-
est probability.

[0063] In one aspect, the invention features methods for
determining a ploidy status of a chromosome in a gestating
fetus. In an embodiment a method for determining a ploidy
status of a chromosome in a gestating fetus includes obtain-
ing a first sample of DNA that comprises maternal DNA
from the mother of the fetus and fetal DNA from the fetus,
preparing the first sample by isolating the DNA so as to
obtain a prepared sample, measuring the DNA in the pre-
pared sample at a plurality of polymorphic loci on the
chromosome, calculating, on a computer, allele counts at the
plurality of polymorphic loci from the DNA measurements
made on the prepared sample, creating, on a computer, a
plurality of ploidy hypotheses each pertaining to a different
possible ploidy state of the chromosome, building, on a
computer, a joint distribution model for the expected allele
counts at the plurality of polymorphic loci on the chromo-
some for each ploidy hypothesis, determining, on a com-
puter, a relative probability of each of the ploidy hypotheses
using the joint distribution model and the allele counts
measured on the prepared sample, and calling the ploidy
state of the fetus by selecting the ploidy state corresponding
to the hypothesis with the greatest probability.

[0064] In one aspect, the invention features methods of
testing for an abnormal distribution of a chromosome in a
sample that includes a mixture of maternal and fetal DNA.
In some embodiments, the method involves (i) contacting
the sample with a library of primers that simultaneously
hybridize to at least 25; 50; 75; 100; 300; 500; 750; 1,000;
2,000, 5,000; 7,500; 10,000; 15,000, 19,000; 20,000,
25,000; 27,000; 28,000, 30,000; 40,000; 50,000; 75,000, or
100,000 different target loci to produce a reaction mixture;
wherein the target loci are from a plurality of different
chromosomes; and wherein the plurality of different chro-
mosomes include at least one first chromosome suspected of
having an abnormal distribution in the sample and at least
one second chromosome presumed to be normally distrib-
uted in the sample; (ii) subjecting the reaction mixture to
primer extension reaction conditions to produce amplified
products; (iii) sequencing the amplified products to obtain a
plurality of sequence tags aligning to the target loci; wherein
the sequence tags are of sufficient length to be assigned to a
specific target locus; (iv) assigning on a computer the
plurality of sequence tags to their corresponding target loci;
(v) determining on a computer a number of sequence tags
aligning to the target loci of the first chromosome and a
number of sequence tags aligning to the target loci of the
second chromosome; and (vi) comparing on a computer the
numbers from step (v) to determine the presence or absence
of an abnormal distribution of the first chromosome.

[0065] In one aspect, the invention provides methods for
detecting the presence or absence of a fetal aneuploidy. In
some embodiments, the method involves (i) contacting a
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sample that includes a mixture of maternal and fetal DNA
with a library of primers that simultaneously hybridize to at
least 25; 50; 75; 100, 300, 500, 750, 1,000; 2,000, 5,000,
7,500; 10,000; 15,000; 19,000; 20,000; 25,000; 27,000;
28,000; 30,000, 40,000; 50,000; 75,000; or 100,000 different
non-polymorphic target loci to produce a reaction mixture;
wherein the target loci are from a plurality of different
chromosomes; (ii) subjecting the reaction mixture to primer
extension reaction conditions to produce amplified products
that includes target amplicons; (iii) quantifying on a com-
puter a relative frequency of the target amplicons from the
first and second chromosomes of interest; (iv) comparing on
a computer the relative frequency of the target amplicons
from the first and second chromosomes of interest; and (v)
identifying the presence or absence of an aneuploidy based
on the compared relative frequencies of the first and second
chromosome of interest. In some embodiments, the first
chromosome is a chromosome suspected of being euploid.
In some embodiments, the second chromosome is a chro-
mosome suspected of being aneuploidy.

[0066] In one aspect, a method is disclosed for determin-
ing presence or absence of fetal aneuploidy in a maternal
tissue sample comprising fetal and maternal genomic DNA,
the method including (a) obtaining a mixture of fetal and
maternal genomic DNA from said maternal tissue sample,
(b) conducting massively parallel DNA sequencing of DNA
fragments randomly selected from the mixture of fetal and
maternal genomic DNA of step (a) to determine the
sequence of said DNA fragments, (c¢) identifying chromo-
somes to which the sequences obtained in step (b) belong,
(d) using the data of step (c) to determine an amount of at
least one first chromosome in said mixture of maternal and
fetal genomic DNA, wherein said at least one first chromo-
some is presumed to be euploid in the fetus, (e) using the
data of step (c¢) to determine an amount of a second chro-
mosome in said mixture of maternal and fetal genomic
DNA, wherein said second chromosome is suspected to be
aneuploid in the fetus, (f) calculating the fraction of fetal
DNA in the mixture of fetal and maternal DNA, (g) calcu-
lating an expected distribution of the amount of the second
target chromosome if the second target chromosome is
euploid, using the number in step (d), (h) calculating an
expected distribution of the amount of the second target
chromosome if the second target chromosome is aneuploid,
using the first number is step (d) and the calculated fraction
of fetal DNA in the mixture of fetal and maternal DNA in
step (1), and (i) using a maximum likelihood or maximum a
posteriori approach to determine whether the amount of the
second chromosome as determined in step (e) is more likely
to be part of the distribution calculated in step (g) or the
distribution calculated in step (h); thereby indicating the
presence or absence of a fetal aneuploidy.

[0067] Invarious embodiments of any of the aspects of the
invention, the target loci include one or more SNPs in the
homologous non-recombining region of chromosome X
and/or chromosome Y. In some embodiments, the method
includes determining the relative amount of chromosome X
and chromosome Y. In some embodiments, the method
includes determining the number of copies of chromosome
X and/or chromosome Y.

[0068] In some embodiments, the method also includes
obtaining genotypic data from one or both parents of the
fetus. In some embodiments, obtaining genotypic data from
one or both parents of the fetus includes preparing the DNA
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from the parents where the preparing comprises preferen-
tially enriching the DNA at the plurality of polymorphic loci
to give prepared parental DNA, optionally amplifying the
prepared parental DNA, and measuring the parental DNA in
the prepared sample at the plurality of polymorphic loci.
[0069] Invarious embodiments of any of the aspects of the
invention, building a joint distribution model for the
expected allele count probabilities of the plurality of poly-
morphic loci on the chromosome is done using the obtained
genetic data from the one or both parents.

[0070] In some embodiments, the sample (e.g., the first
sample) has been isolated from maternal plasma and where
the obtaining genotypic data from the mother is done by
estimating the maternal genotypic data from the DNA
measurements made on the prepared sample.

[0071] In one aspect, a diagnostic box is disclosed for
helping to determine a ploidy status of a chromosome in a
gestating fetus where the diagnostic box is capable of
executing the preparing and measuring steps of any of the
methods of the invention.

[0072] Invarious embodiments of any of the aspects of the
invention, the allele counts are probabilistic rather than
binary. In some embodiments, measurements of the DNA in
the prepared sample at the plurality of polymorphic loci are
also used to determine whether or not the fetus has inherited
one or a plurality of disease linked haplotypes.

[0073] Invarious embodiments of any of the aspects of the
invention, building a joint distribution model for allele count
probabilities is done by using data about the probability of
chromosomes crossing over at different locations in a chro-
mosome to model dependence between polymorphic alleles
on the chromosome. In some embodiments, building a joint
distribution model for allele counts and the step of deter-
mining the relative probability of each hypothesis are done
using a method that does not require the use of a reference
chromosome.

[0074] Invarious embodiments of any of the aspects of the
invention, determining the relative probability of each
hypothesis makes use of an estimated fraction of fetal DNA
in the prepared sample. In some embodiments, the DNA
measurements from the prepared sample used in calculating
allele count probabilities and determining the relative prob-
ability of each hypothesis comprise primary genetic data. In
some embodiments, selecting the ploidy state corresponding
to the hypothesis with the greatest probability is carried out
using maximum likelihood estimates or maximum a poste-
riori estimates.

[0075] Invarious embodiments of any of the aspects of the
invention, calling the ploidy state of the fetus also includes
combining the relative probabilities of each of the ploidy
hypotheses determined using the joint distribution model
and the allele count probabilities with relative probabilities
of each of the ploidy hypotheses that are calculated using
statistical techniques taken from a group consisting of a read
count analysis, comparing heterozygosity rates, a statistic
that is only available when parental genetic information is
used, the probability of normalized genotype signals for
certain parent contexts, a statistic that is calculated using an
estimated fetal fraction of the sample (e.g., the first sample)
or the prepared sample, and combinations thereof.

[0076] Invarious embodiments of any of the aspects of the
invention, a confidence estimate is calculated for the called
ploidy state. In some embodiments, the method also includes
taking a clinical action based on the called ploidy state of the
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fetus, wherein the clinical action is selected from one of
terminating the pregnancy or maintaining the pregnancy.
[0077] Invarious embodiments of any of the aspects of the
invention, the method may be performed for fetuses at
between 4 and 5 weeks gestation; between 5 and 6 weeks
gestation; between 6 and 7 weeks gestation; between 7 and
8 weeks gestation; between 8 and 9 weeks gestation;
between 9 and 10 weeks gestation; between 10 and 12 weeks
gestation; between 12 and 14 weeks gestation; between 14
and 20 weeks gestation; between 20 and 40 weeks gestation;
in the first trimester; in the second trimester; in the third
trimester; or combinations thereof.

[0078] Invarious embodiments of any of the aspects of the
invention, a report displaying a determined ploidy status of
a chromosome in a gestating fetus generated using the
method. In some embodiments, a kit is disclosed for deter-
mining a ploidy status of a target chromosome in a gestating
fetus designed to be used with any of the methods of the
invention, the kit including a plurality of inner forward
primers and optionally the plurality of inner reverse primers,
where each of the primers is designed to hybridize to the
region of DNA immediately upstream and/or downstream
from one of the polymorphic sites on the target chromo-
some, and optionally additional chromosomes, where the
region of hybridization is separated from the polymorphic
site by a small number of bases, where the small number is
selected from the group consisting of 1, 2, 3, 4, 5, 6 to 10,
11 to 15, 16 to 20, 21 to 25, 26 to 30, 31 to 60, and
combinations thereof.

[0079] In one aspect, the invention features methods for
establishing whether an alleged father is the biological father
of a fetus that is gestating in a pregnant mother. In some
embodiments the method involves, (i) simultaneously
amplifying a plurality of polymorphic loci that includes at
least 25; 50; 75; 100, 300, 500, 750, 1,000; 2,000, 5,000,
7,500; 10,000; 15,000; 19,000; 20,000; 25,000; 27,000;
28,000; 30,000, 40,000; 50,000; 75,000; or 100,000 different
polymorphic loci on genetic material from the alleged father
to produce a first set of amplified products; (ii) simultane-
ously amplifying the corresponding plurality of polymor-
phic loci on a mixed sample of DNA originating from a
blood sample from the pregnant mother to produce a second
set of amplified products; wherein the mixed sample of
DNA includes fetal DNA and maternal DNA; (iii) determin-
ing on a computer the probability that the alleged father is
the biological father of the fetus using genotypic measure-
ments based on the first and second sets of amplified
products; and (iv) establishing whether the alleged father is
the biological father of the fetus using the determined
probability that the alleged father is the biological father of
the fetus. In various embodiments, the method further
includes simultaneously amplifying the corresponding plu-
rality of polymorphic loci on genetic material from the
mother to produce a third set of amplified products; wherein
the probability that the alleged father is the biological father
of the fetus is determined using genotypic measurements
based on the first, second, and third sets of amplified
products.

[0080] In one aspect, the invention provides methods of
estimating relative likelihoods that each embryo from a set
of embryos will develop as desired. In some embodiments,
the method involves contacting a sample from each embryo
with a library of primers that simultaneously hybridize to at
least 25; 50; 75; 100, 300, 500, 750, 1,000; 2,000, 5,000,
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7,500, 10,000; 15,000; 19,000; 20,000; 25,000; 27,000,
28,000; 30,000; 40,000; 50,000, 75,000; or 100,000 different
target loci to produce a reaction mixture for each embryo,
wherein the samples are each derived from one or more cells
from an embryo. In some embodiments, each reaction
mixture is subjected to primer extension reaction conditions
to produce amplified products. In some embodiments, the
method includes determining on a computer one or more
characteristics of at least one cell from each embryo based
on the amplified products; and estimating on a computer the
relative likelihoods that each embryo will develop as
desired, based on the one or more characteristics of the at
least one cell for each embryo.

[0081] In one aspect, the invention features methods of
measuring the amount of two or more target loci in a nucleic
acid sample. In some embodiments, the method involves (i)
using PCR to amplify a nucleic acid sample that includes a
first standard locus, a second standard locus, a first target
locus, and a second target locus to form amplified products;
wherein the first standard locus and the first target locus have
the same number of nucleotides but have a sequence that
differs at one or more nucleotides; and wherein the second
standard locus and the second target locus have the same
number of nucleotides but have a sequence that differs at one
or more nucleotides; (ii) sequencing the amplified products
to determine a standard ratio that compares the relative
amount of the amplified first standard locus compared to the
amplified second standard locus; wherein the standard ratio
indicates the difference in PCR efficiency for the amplifi-
cation of the first standard locus and the second standard
locus; (iii) determining a target ratio that compares the
relative amount of the amplified first target locus compared
to the amplified second target locus; and (iv) adjusting the
target ratio from step (iii) based on the standard ratio from
step (ii) to determine the relative amount of the first target
locus and the second target locus in the sample. In various
embodiments, the method involves determining the absolute
amount of the first target locus and the second target locus
in the sample. In various embodiments, the method further
includes determining the presence or absence of a target
locus (e.g, at least 25; 50; 75; 100; 300; 500; 750; 1,000;
2,000, 5,000; 7,500; 10,000; 15,000, 19,000; 20,000,
25,000; 27,000; 28,000, 30,000; 40,000; 50,000; 75,000, or
100,000 different target loci) in the sample. In various
embodiments, the method involves using any of the primer
libraries of the invention. In various embodiments, the
method involves simultaneously amplifying at least 25; 50;
75; 100; 300; 500; 750; 1,000; 2,000; 5,000; 7,500, 10,000;
15,000, 19,000; 20,000; 25,000; 27,000; 28,000; 30,000
40,000, 50,000; 75,000; or 100,000 different target loci.

[0082] In one aspect, the invention features methods of
quantitatively measuring a plurality of genetic targets in a
sample for analysis. In some embodiments, the method
includes (1) mixing genetic material derived from the sample
for analysis with a plurality of target specific amplification
reagents, and a plurality of standard sequences correspond-
ing to the target specific amplification reagent targets; (ii)
amplifying target regions of the genetic material and the
standard sequences to produce target amplicons and stan-
dard sequence amplicons; and (iii) measuring the quantity of
target amplicons and standard sequence amplicons pro-
duced. In some embodiments, the genetic material is present
in a genetic library. In some embodiments, the genetic
targets are polymorphic loci (such as SNPs). In some
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embodiments, the measuring of quantity is achieved by
counting sequences. In some embodiments, the method
further includes determining the estimated copy number of
at least one chromosome in a sample from which the genetic
library was derived, wherein the determination involves
comparing the number of sequence reads of a target ampli-
con with the number of sequence reads of a standard
amplicon. In some embodiments, the standard sequences
and the genetic library include universal priming sites cable
of being primed by the same primer. In some embodiments,
the mixing step includes at least 10; 100, 500; 1,000; 2,000;
5,000; 7,500; 10,000; 15,000; 19,000; 20,000; 25,000,
27,000; 28,000; 30,000, 40,000, 50,000, 75,000; or 100,000
different target specific amplification reagents and at least
10; 100, 500; 1,000, 2,000; 5,000; 7,500; 10,000; 15,000
19,000, 20,000; 25,000, 27,000; 28,000; 30,000; 40,000,
50,000; 75,000; or 100,000 standard sequences. In various
embodiments, the method involves using any of the primer
libraries of the invention. In various embodiments, the
method involves simultaneously amplifying at least 25; 50;
75; 100; 300; 500; 7505 1,000, 2,000; 5,000; 7,500, 10,000;
15,000, 19,000; 20,000, 25,000; 27,000; 28,000; 30,000
40,000; 50,000; 75,000; or 100,000 different target regions.
In some embodiments, the relative amounts of each of the
standard sequences are known. In some embodiments, the
relative amounts of each of the sequences is has been
calibrated with respect to a reference genome. In some
embodiments, the sample for analysis includes a mixture of
fetal and maternal genomes. In some embodiments, the
sample for analysis is derived from the blood of a pregnant
woman or derived from blood plasma. In some embodi-
ments, the reference genome has at least one aneuploidy,
such as an aneuploidy at chromosome 13, 18, 21, X, or Y. In
some embodiments, the reference genome is diploid.

[0083] In one aspect, the invention features a mixture that
includes a plurality of genetic standard sequences, wherein
the relative amount of each genetic standard sequence in the
mixture has been determined by calibration to a reference
genome. In various embodiments, the mixture includes at
least 10; 100, 500; 1,000; 2,000; 5,000, 7,500; 10,000
15,000, 19,000; 20,000, 25,000; 27,000; 28,000; 30,000
40,000; 50,000; 75,000; or 100,000 genetic standard
sequences. In various embodiments, the genetic standard
sequences include a first universal priming site, a second
universal priming site, a first target specific priming site, a
second target specific priming site, and a marker sequence
located between the first and second target specific priming
sites, wherein the first target specific site and the second
target specific priming site are located between the first and
second universal priming sites. In various embodiments, the
calibration involves using any of the primer libraries of the
invention. In various embodiments, the calibration involves
simultaneously amplifying at least 25; 50; 75; 100; 300; 500;
750; 1,000; 2,000; 5,000, 7,500; 10,000; 15,000; 19,000
20,000; 25,000; 27,000; 28,000; 30,000; 40,000; 50,000
75,000; or 100,000 different target regions. In some embodi-
ments, the reference genome has at least one aneuploidy,
such as an aneuploidy at chromosome 13, 18, 21, X, or Y. In
some embodiments, the reference genome is diploid.

[0084] In one aspect, the invention features methods of
producing a set of calibrated genetic standard sequences. In
some embodiments, the method includes (i) forming an
amplification reaction mixture that includes a genetic library
prepared from a reference genome, a plurality of target-
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specific amplification primer reagent sets, and a plurality of
genetic standard sequences corresponding to the target spe-
cific amplification reagent sets, (i) amplifying the genetic
library and the genetic standard sequences to produce ampli-
cons from the target sequences and amplicons from the
genetic standard sequences, (iii) measuring the quantity of
the amplicons from the target sequences and amplicons from
the genetic standard sequences, and (iv) determining the
relative amount of each of genetic standard sequences with
respect to each other, whereby the plurality of genetic
standard sequences is calibrated. In various embodiments, at
least 10; 100, 500; 1,000; 2,000; 5,000, 7,500; 10,000
15,000, 19,000; 20,000; 25,000; 27,000; 28,000; 30,000
40,000; 50,000; 75,000; or 100,000 genetic standard
sequences are used. In various embodiments, the method
involves using any of the primer libraries of the invention.
In various embodiments, the method involves simultane-
ously amplifying at least 25; 50; 75; 100; 300; 500; 750;
1,000; 2,000; 5,000; 7,500; 10,000, 15,000; 19,000; 20,000;
25,000; 27,000; 28,000, 30,000; 40,000; 50,000; 75,000, or
100,000 different sequences. In some embodiments, the
reference genome has at least one aneuploidy, such as an
aneuploidy at chromosome 13, 18, 21, X, or Y. In some
embodiments, the reference genome is diploid.

[0085] In one aspect, the invention provides a set of
genetic standard sequences that have been calibrated accord-
ing to any of the methods of the invention. In one aspect, the
invention provides a set of genetic standard sequences that
may be calibrated either before, during or after the method
is performed.

[0086] In one aspect, the invention features methods of
measuring the number of copies of a gene of interest having
at least one allele that has a deletion. In some embodiments,
the method includes (i) mixing genetic material derived
from a sample for analysis with an amplification reagent
specific for the gene of interest and not capable of signifi-
cantly amplifying the deletion comprising allele of the gene
of interest, a standard sequence corresponding to gene of
interest, an amplification reagent specific for a reference
sequence, and a standard sequence corresponding to the
reference sequence; (ii) amplifying the gene sequence of
interest, the standard sequence corresponding to the gene of
interest, the reference sequence, and the standard sequence
corresponding to the reference sequence to produce gene of
interest amplicons, reference sequence amplicons, and stan-
dard sequence amplicons; and (iii) measuring the quantity of
target amplicons and standard sequence amplicons pro-
duced. In some embodiments, the measuring of quantity is
achieved by counting sequence reads. In some embodi-
ments, the method further includes determining the esti-
mated copy number of at least one chromosome in the
sample from which the genetic library was derived, wherein
the determination involves comparing the number of
sequences of target amplicons with the number of sequences
of a standard amplicons. In some embodiments, the standard
sequences and the genetic library include universal priming
sites capable of being primed by the same primer. In some
embodiments, the relative amounts of each of the sequences
have been calibrated with respect to reference genome. In
various embodiments, at least 10; 100, 500; 1,000; 2,000,
5,000, 7,500; 10,000; 15,000; 19,000; 20,000; 25,000,
27,0005 28,000; 30,000, 40,000, 50,000; 75,000; or 100,000
genetic standard sequences are used. In various embodi-
ments, the method involves using any of the primer libraries
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of the invention. In various embodiments, the method
involves simultaneously amplifying at least 25; 50; 75; 100;
300; 500; 750; 1,000; 2,000, 5,000, 7,500; 10,000; 15,000;
19,000, 20,000; 25,000, 27,000; 28,000; 30,000; 40,000,
50,000; 75,000; or 100,000 different target regions. In some
embodiments, the reference genome is diploid. In some
embodiments, the sample for analysis is derived from blood.
[0087] In some embodiments of any of the aspects of the
invention, preferentially enriching the DNA in the sample
(e.g., the first sample) at the target loci (e.g., the plurality of
polymorphic loci) includes obtaining a plurality of pre-
circularized probes where each probe targets one of the loci
(e.g., polymorphic loci), where the 3' and 5' end of the
probes are preferably designed to hybridize to a region of
DNA that is separated from the polymorphic site of the locus
by a small number of bases, where the small number is 1, 2,
3,4,5,6,7,8,9,10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20,
21 to 25, 26 to 30, 31 to 60, or a combination thereof,
hybridizing the pre-circularized probes to DNA from the
sample (e.g., the first sample), filling the gap between the
hybridized probe ends using DNA polymerase, circularizing
the pre-circularized probe, and amplifying the circularized
probe.

[0088] In some embodiments of any of the aspects of the
invention, the preferentially enriching the DNA at the target
loci (e.g., the plurality of polymorphic loci) includes obtain-
ing a plurality of ligation-mediated PCR probes where each
PCR probe targets one of the target loci (e.g., the polymor-
phic loci), and where the upstream and downstream PCR
probes are designed to hybridize to a region of DNA on one
strand of DNA that is preferably separated from the poly-
morphic site of the locus by a small number of bases, where
the small number is 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13,
14, 15, 16, 17, 18, 19, 20, 21 to 25, 26 to 30, 31 to 60, or a
combination thereof, hybridizing the ligation-mediated PCR
probes to the DNA from the sample (e.g., the first sample),
filling the gap between the ligation-mediated PCR probe
ends using DNA polymerase, ligating the ligation-mediated
PCR probes, and amplifying the ligated ligation-mediated
PCR probes.

[0089] In some embodiments of various aspects of the
invention, preferentially enriching the DNA at the target loci
(e.g., plurality of polymorphic loci) includes obtaining a
plurality of hybrid capture probes that target the loci (e.g.,
the polymorphic loci), hybridizing the hybrid capture probes
to the DNA in the sample (e.g., the first sample) and
physically removing some or all of the unhybridized DNA
from the sample (e.g., the first sample) of DNA.

[0090] In some embodiments of any of the aspects of the
invention, the hybrid capture probes are designed to hybrid-
ize to a region that is flanking but not overlapping the
polymorphic site. In some embodiments, the hybrid capture
probes are designed to hybridize to a region that is flanking
but not overlapping the polymorphic site, and where the
length of the flanking capture probe may be selected from
the group consisting of less than about 120 bases, less than
about 110 bases, less than about 100 bases, less than about
90 bases, less than about 80 bases, less than about 70 bases,
less than about 60 bases, less than about 50 bases, less than
about 40 bases, less than about 30 bases, and less than about
25 bases. In some embodiments, the hybrid capture probes
are designed to hybridize to a region that overlaps the
polymorphic site, and where the plurality of hybrid capture
probes comprise at least two hybrid capture probes for each
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polymorphic loci, and where each hybrid capture probe is
designed to be complementary to a different allele at that
polymorphic locus.

[0091] In some embodiments of any of the aspects of the
invention, preferentially enriching the DNA a plurality of
polymorphic loci includes obtaining a plurality of inner
forward primers where each primer targets one of the
polymorphic loci, and where the 3' end of the inner forward
primers are designed to hybridize to a region of DNA
upstream from the polymorphic site, and separated from the
polymorphic site by a small number of bases, where the
small number is selected from the group consisting of 1, 2,
3,4,5,610 10, 11 to 15, 16 to 20, 21 to 25, 26 to 30, or 31
to 60 base pairs, optionally obtaining a plurality of inner
reverse primers where each primer targets one of the poly-
morphic loci, and where the 3' end of the inner reverse
primers are designed to hybridize to a region of DNA
upstream from the polymorphic site, and separated from the
polymorphic site by a small number of bases, where the
small number is selected from the group consisting of 1, 2,
3,4,5,610 10, 11 to 15, 16 to 20, 21 to 25, 26 to 30, or 31
to 60 base pairs, hybridizing the inner primers to the DNA,
and amplifying the DNA using the polymerase chain reac-
tion to form amplicons.

[0092] In some embodiments of any of the aspects of the
invention, the method also includes obtaining a plurality of
outer forward primers where each primer targets one of the
target (e.g., polymorphic loci), and where the outer forward
primers are designed to hybridize to the region of DNA
upstream from the inner forward primer, optionally obtain-
ing a plurality of outer reverse primers where each primer
targets one of the target loci (e.g., polymorphic loci), and
where the outer reverse primers are designed to hybridize to
the region of DNA immediately downstream from the inner
reverse primer, hybridizing the first primers to the DNA, and
amplifying the DNA using the polymerase chain reaction.

[0093] In some embodiments of any of the aspects of the
invention, the method also includes obtaining a plurality of
outer reverse primers where each primer targets one of the
polymorphic loci, and where the outer reverse primers are
designed to hybridize to the region of DNA immediately
downstream from the inner reverse primer, optionally
obtaining a plurality of outer forward primers where each
primer targets one of the target loci (e.g., the polymorphic
loci), and where the outer forward primers are designed to
hybridize to the region of DNA upstream from the inner
forward primer, hybridizing the first primers to the DNA,
and amplifying the DNA using the polymerase chain reac-
tion.

[0094] In some embodiments of any of the aspects of the
invention, preparing the sample (e.g., the first sample)
further includes appending universal adapters to the DNA in
the sample (e.g., the first sample) and amplifying the DNA
in the sample (e.g., the first sample) using the polymerase
chain reaction. In some embodiments, at least a fraction of
the amplicons that are amplified are less than 100 bp, less
than 90 bp, less than 80 bp, less than 70 bp, less than 65 bp,
less than 60 bp, less than 55 bp, less than 50 bp, or less than
45 bp, and where the fraction is 10%, 20%, 30%, 40%, 50%,
60%, 70%, 80%, 90%, or 99%.

[0095] In some embodiments of any of the aspects of the
invention, amplifying the DNA is done in one or a plurality
of individual reaction volumes, and where each individual
reaction volume contains more than 100 different forward
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and reverse primer pairs, more than 200 different forward
and reverse primer pairs, more than 500 different forward
and reverse primer pairs, more than 1,000 different forward
and reverse primer pairs, more than 2,000 different forward
and reverse primer pairs, more than 5,000 different forward
and reverse primer pairs, more than 10,000 different forward
and reverse primer pairs, more than 20,000 different forward
and reverse primer pairs, more than 50,000 different forward
and reverse primer pairs, or more than 100,000 different
forward and reverse primer pairs. In various embodiments of
any of the aspects of the invention, at least 25; 50; 75; 100;
300; 500; 750; 1,000; 2,000, 5,000, 7,500; 10,000; 15,000;
19,000, 20,000; 25,000, 27,000; 28,000; 30,000; 40,000,
50,000; 75,000; or 100,000 different primer pairs are used.
[0096] In some embodiments of any of the aspects of the
invention, preparing the sample (e.g., the first sample)
further comprises dividing the sample (e.g., the first sample)
into a plurality of portions, and where the DNA in each
portion is preferentially enriched at a subset of the target loci
(e.g., plurality of polymorphic loci). In some embodiments,
the inner primers are selected by identifying primer pairs
likely to form undesired primer duplexes and removing from
the plurality of primers at least one of the pair of primers
identified as being likely to form undesired primer duplexes.
In some embodiments, the inner primers contain a region
that is designed to hybridize either upstream or downstream
of the targeted locus (e.g., the polymorphic locus), and
optionally contain a universal priming sequence designed to
allow PCR amplification. In some embodiments, at least
some of the primers additionally contain a random region
that differs for each individual primer molecule. In some
embodiments, at least some of the primers additionally
contain a molecular barcode.

[0097] In some embodiments of any of the aspects of the
invention, preferential enrichment results in average degree
of allelic bias between the prepared sample and the sample
(e.g., the first sample) of a factor selected from the group
consisting of no more than a factor of 2, no more than a
factor of 1.5, no more than a factor of 1.2, no more than a
factor of 1.1, no more than a factor of 1.05, no more than a
factor of 1.02, no more than a factor of 1.01, no more than
a factor of 1.005, no more than a factor of 1.002, no more
than a factor of 1.001 and no more than a factor of 1.0001.
In some embodiments, the plurality of polymorphic loci are
SNPs. In some embodiments, measuring the DNA in the
prepared sample is done by sequencing.

[0098] In some embodiments, the nucleic acids in the
sample are non-specifically amplified prior to amplification
of the target loci (such as specific amplification of the target
loci with a primer library of the invention). In some embodi-
ments, the non-specific amplification includes whole
genome application (WGA), such as ligation-mediated PCR
(LM-PCR), degenerate oligonucleotide primer PCR (DOP-
PCR), or multiple displacement amplification (MDA). In
some embodiments, the non-specific amplification includes
universal PCR, such as adaptor-mediated universal PCR.
[0099] In some embodiments of any of the aspects of the
invention, the target loci are present on the same nucleic acid
of interest (e.g, the same chromosome or the same region of
a chromosome). In some embodiments, at least some of the
target loci are present on different nucleic acids of interest
(e.g, different chromosomes). In some embodiments, the
nucleic acid sample includes fragmented or digested nucleic
acids. In some embodiments, the nucleic acid sample
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includes DNA, such as genomic DNA, cDNA, cell-free
DNA (cfDNA), cell-free mitochondrial DNA (cf mDNA),
cell-free DNA that originated from nuclear DNA (cfnDNA),
cellular DNA, or mitochondrial DNA. In some embodi-
ments, nucleic acid sample includes RNA, such as cfRNA,
cellular RNA, cytoplasmic RNA, coding cytoplasmic RNA,
non-coding cytoplasmic RNA, mRNA, miRNA, mitochon-
drial RNA, rRNA, or tRNA. In some embodiments, the
nucleic acid sample includes DNA from a single cell, 2 cells,
3 cells, 4 cells, 5 cells, 6 cells, 7 cells, 8 cells, 9 cell, 10 cells,
or more than 10 cells. In some embodiments, the nucleic
acid sample is a blood or plasma sample that is substantially
free of cells. In some embodiments, the nucleic acid sample
includes or is derived from blood, plasma, saliva, semen,
sperm, cell culture supernatant, mucus secretion, dental
plaque, gastrointestinal tract tissue, stool, urine, hair, bone,
body fluids, tears, tissue, skin, fingernails, blastomeres,
embryos, amniotic fluid, chorionic villus samples, bile,
lymph, cervical mucus, or a forensic sample. In some
embodiments, the target loci are segments of human nucleic
acids. In some embodiments, the target loci are segments of
human nucleic acids found in the human genome. In some
embodiments, the target loci comprise or consist of single
nucleotide polymorphisms (SNPs). In some embodiments,
the primers are DNA molecules.

[0100] In some embodiments of any of the aspects of the
invention, the DNA in the sample (e.g., the first sample)
originates from maternal plasma. In some embodiments,
preparing the sample (e.g., the first sample) further com-
prises amplifying the DNA. In some embodiments, prepar-
ing the sample (e.g., the first sample) further comprises
preferentially enriching the DNA in the sample (e.g., the first
sample) at the target loci (e.g., a plurality of polymorphic
loci).

[0101] Invarious embodiments, the primer extension reac-
tion or the polymerase chain reaction includes the addition
of one or more nucleotides by a polymerase. In some
embodiments, greater than or equal to 5, 10, 20, 30, 40, 50,
or 60 cycles of PCR are performed. In some embodiments,
the amplification of loci is performed using a polymerase
(e.g., a DNA polymerase, RNA polymerase, or reverse
transcriptase) with low 5'—3' exonuclease and/or low strand
displacement activity. In some embodiments, a DNA poly-
merase is used produce DNA amplicons using DNA as a
template. In some embodiments, a RNA polymerase is used
produce RNA amplicons using DNA as a template. In some
embodiments, a reverse transcriptase is used produce cDNA
amplicons using RNA as a template.

[0102] Invarious embodiments, the primer extension reac-
tion or the polymerase chain reaction does not include
ligation-mediated PCR. In various embodiments, the primer
extension reaction or the polymerase chain reaction does not
include the joining of two primers by a ligase. In various
embodiments, the primers do not include Linked Inverted
Probes (LIPs), which can also be called pre-circularized
probes, pre-circularizing probes, circularizing probes, Pad-
lock Probes, or Molecular Inversion Probes (MIPs). In some
embodiments, the primers are not loopable primers. In some
embodiments, the primers do not form a loop structure, for
example, the primers do not comprise a 3' target specific
portion, a stem (comprising a first loop forming region and
a second loop forming region), and a loop portion. In various
embodiments, the primer library, composition, kit, or
method does not include an array (such as a microarray) or
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do no use an array (such as a microarray). In some embodi-
ments, multiplex PCR and/or sequencing is performed with-
out use of an array (such as a microarray). In some embodi-
ments, the primer library, composition, kit, or method
comprises a microarray.

[0103] Insome embodiments, the primers or the target loci
do not comprise an STR allele (for example, the target loci
may be non-polymorphic loci or the loci may comprise a
polymorphism other than an STR allele). In some embodi-
ments, some or all of the target loci comprise an STR allele.
[0104] It is understood that all of the aspects and embodi-
ments of the invention described herein include “compris-
ing,” “consisting,” and “consisting essentially of” aspects
and embodiments. It is understood that aspects and embodi-
ments of the invention described herein include combina-
tions of any two or more of the aspects or embodiments of
the invention.

Definitions

[0105] Single Nucleotide Polymorphism (SNP) refers to a
single nucleotide that may differ between the genomes of
two members of the same species. The usage of the term
should not imply any limit on the frequency with which each
variant occurs.

[0106] Sequence refers to a DNA sequence or a genetic
sequence. It may refer to the primary, physical structure of
the DNA molecule or strand in an individual. It may refer to
the sequence of nucleotides found in that DNA molecule, or
the complementary strand to the DNA molecule. It may refer
to the information contained in the DNA molecule as its
representation in silico.

[0107] Locus refers to a particular region of interest on the
DNA (or corresponding RNA) of an individual, which may
refer to a SNP, the site of a possible insertion or deletion, or
the site of some other relevant genetic variation. Disease-
linked SNPs may also refer to disease-linked loci.

[0108] Polymorphic Allele, also “Polymorphic Locus,”
refers to an allele or locus where the genotype varies
between individuals within a given species. Some examples
of polymorphic alleles include single nucleotide polymor-
phisms, short tandem repeats, deletions, duplications, and
inversions.

[0109] Polymorphic Site refers to the specific nucleotides
found in a polymorphic region that vary between individu-
als.

[0110] Allele refers to the alternative form or version of a
gene that occupies a particular locus. Genetic Data also
“Genotypic Data” refers to the data describing aspects of the
genome of one or more individuals. It may refer to one or a
set of loci, partial or entire sequences, partial or entire
chromosomes, or the entire genome. It may refer to the
identity of one or a plurality of nucleotides; it may refer to
a set of sequential nucleotides, or nucleotides from different
locations in the genome, or a combination thereof. Geno-
typic data is typically in silico, however, it is also possible
to consider physical nucleotides in a sequence as chemically
encoded genetic data. Genotypic Data may be said to be
“on,” “of,” “at,” “from” or “on” the individual(s). Genotypic
Data may refer to output measurements from a genotyping
platform where those measurements are made on genetic
material.

[0111] Genetic Material also “Genetic Sample” refers to
physical matter, such as tissue or blood, from one or more
individuals comprising DNA or RNA
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[0112] Noisy Genetic Data refers to genetic data with any
of the following: allele dropouts, uncertain base pair mea-
surements, incorrect base pair measurements, missing base
pair measurements, uncertain measurements of insertions or
deletions, uncertain measurements of chromosome segment
copy numbers, spurious signals, missing measurements,
other errors, or combinations thereof.

[0113] Confidence refers to the statistical likelihood that
the called SNP, allele, set of alleles, ploidy call, or deter-
mined number of chromosome segment copies correctly
represents the real genetic state of the individual.

[0114] Ploidy Calling, also “Chromosome Copy Number
Calling,” or “Copy Number Calling” (CNC), may refer to
the act of determining the quantity and/or chromosomal
identity of one or more chromosomes present in a cell.
[0115] Aneuploidy refers to the state where the wrong
number of chromosomes (e.g., the wrong number of full
chromosomes or the wrong number of chromosome seg-
ments, such as the presence of deletions or duplications of
a chromosome segment) is present in a cell. In the case of
a somatic human cell it may refer to the case where a cell
does not contain 22 pairs of autosomal chromosomes and
one pair of sex chromosomes. In the case of a human
gamete, it may refer to the case where a cell does not contain
one of each of the 23 chromosomes. In the case of a single
chromosome type, it may refer to the case where more or
less than two homologous but non-identical chromosome
copies are present, or where there are two chromosome
copies present that originate from the same parent. In some
embodiments, the deletion of a chromosome segment is a
microdeletion.

[0116] Ploidy State refers to the quantity and/or chromo-
somal identity of one or more chromosomes types in a cell.
[0117] Chromosome may refer to a single chromosome
copy, meaning a single molecule of DNA of which there are
46 in a normal somatic cell; an example is ‘the maternally
derived chromosome 18’. Chromosome may also refer to a
chromosome type, of which there are 23 in a normal human
somatic cell; an example is ‘chromosome 18°.

[0118] Chromosomal Identity may refer to the referent
chromosome number, i.e. the chromosome type. Normal
humans have 22 types of numbered autosomal chromosome
types, and two types of sex chromosomes. It may also refer
to the parental origin of the chromosome. It may also refer
to a specific chromosome inherited from the parent. It may
also refer to other identifying features of a chromosome.
[0119] The State of the Genetic Material or simply
“Genetic State” may refer to the identity of a set of SNPs on
the DNA, to the phased haplotypes of the genetic material,
and to the sequence of the DNA, including insertions,
deletions, repeats and mutations. It may also refer to the
ploidy state of one or more chromosomes, chromosomal
segments, or set of chromosomal segments.

[0120] Allelic Data refers to a set of genotypic data
concerning a set of one or more alleles. It may refer to the
phased, haplotypic data. It may refer to SNP identities, and
it may refer to the sequence data of the DNA, including
insertions, deletions, repeats and mutations. It may include
the parental origin of each allele.

[0121] Allelic State refers to the actual state of the genes
in a set of one or more alleles. It may refer to the actual state
of the genes described by the allelic data.

[0122] Allelic Ratio or allele ratio, refers to the ratio
between the amount of each allele at a locus that is present
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in a sample or in an individual. When the sample was
measured by sequencing, the allelic ratio may refer to the
ratio of sequence reads that map to each allele at the locus.
When the sample was measured by an intensity based
measurement method, the allele ratio may refer to the ratio
of the amounts of each allele present at that locus as
estimated by the measurement method.

[0123] Allele Count refers to the number of sequences that
map to a particular locus, and if that locus is polymorphic,
it refers to the number of sequences that map to each of the
alleles. If each allele is counted in a binary fashion, then the
allele count will be whole number. If the alleles are counted
probabilistically, then the allele count can be a fractional
number.

[0124] Allele Count Probability refers to the number of
sequences that are likely to map to a particular locus or a set
of alleles at a polymorphic locus, combined with the prob-
ability of the mapping. Note that allele counts are equivalent
to allele count probabilities where the probability of the
mapping for each counted sequence is binary (zero or one).
In some embodiments, the allele count probabilities may be
binary. In some embodiments, the allele count probabilities
may be set to be equal to the DNA measurements.

[0125] Allelic Distribution, or ‘allele count distribution’
refers to the relative amount of each allele that is present for
each locus in a set of loci. An allelic distribution can refer
to an individual, to a sample, or to a set of measurements
made on a sample. In the context of sequencing, the allelic
distribution refers to the number or probable number of
reads that map to a particular allele for each allele in a set
of polymorphic loci. The allele measurements may be
treated probabilistically, that is, the likelihood that a given
allele is present for a give sequence read is a fraction
between 0 and 1, or they may be treated in a binary fashion,
that is, any given read is considered to be exactly zero or one
copies of a particular allele.

[0126] Allelic Distribution Pattern refers to a set of dif-
ferent allele distributions for different parental contexts.
Certain allelic distribution patterns may be indicative of
certain ploidy states.

[0127] Allelic Bias refers to the degree to which the
measured ratio of alleles at a heterozygous locus is different
to the ratio that was present in the original sample, such as
a sample of DNA. The degree of allelic bias at a particular
locus is equal to the observed allelic ratio at that locus, as
measured, divided by the ratio of alleles in the original DNA
or RNA sample at that locus. Allelic bias may be defined to
be greater than one, such that if the calculation of the degree
of allelic bias returns a value, X, that is less than 1, then the
degree of allelic bias may be restated as 1/x. Allelic bias
maybe due to amplification bias, purification bias, or some
other phenomenon that affects different alleles differently.
[0128] Allelic imbalance for aneuploidy determinations,
such as CNV determinations, refers to the difference
between the frequencies of the alleles for a locus. It is an
estimate of the difference in the copy of numbers of the
homologs. Allelic imbalance can arise from the complete
loss of an allele or from an increase in copy number of one
allele relative to the other. Allelic imbalances can be
detected by measuring the proportion of one allele relative
to the other in fluids or cells from individuals that are
constitutionally heterozygous at a given locus. (Mei et al,
Genome Res, 10:1126-37 (2000)). For dimorphic SNPs that
have alleles arbitrarily designated ‘A’ and ‘B’, the allele ratio
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of'the A allele is n /(n +nz), where n, and ng are the number
of sequencing reads for alleles A and B, respectively. Allelic
imbalance is the difference between the allele ratios of A and
B for loci that are heterozygous in the germline. This
definition is analogous to that for SNVs, where the propor-
tion of abnormal DNA is typically measured using mutant
allele frequency, or n,/(n,+n,), where n,, and n, are the
number of sequencing reads for the mutant allele and the
reference allele, respectively.

[0129] Accordingly, the proportion of abnormal DNA for
a CNV can be measured by the average allelic imbalance
(AAI), defined as 1(H1-H2)I/(H1+H2), where Hi is the
average number of copies of homolog i in the sample and
Hi/(H1+H2) is the fractional abundance, or homolog ratio,
of homolog i. The maximum homolog ratio is the homolog
ratio of the more abundant homolog.

[0130] Primer, also “PCR probe” refers to a single DNA
molecule (a DNA oligomer) or a collection of DNA mol-
ecules (DNA oligomers) where the DNA molecules are
identical, or nearly so, and where the primer contains a
region that is designed to hybridize to a targeted locus (e.g,
a targeted polymorphic locus or a nonpolymorphic locus),
and may contain a priming sequence designed to allow PCR
amplification. A primer may also contain a molecular bar-
code. A primer may contain a random region that differs for
each individual molecule. The terms “test primer” and
“candidate primer” are not meant to be limiting and may
refer to any of the primers disclosed herein.

[0131] Library of primers refers to a population of two or
more primers. In various embodiments, the library includes
at least 25; 50; 75; 100; 300; 500; 750; 1,000; 2,000, 5,000,
7,500; 10,000; 15,000; 19,000; 20,000; 25,000; 27,000;
28,000; 30,000, 40,000, 50,000, 75,000; or 100,000 different
primers. In various embodiments, the library includes at
least 25; 50; 75; 100, 300, 500, 750, 1,000, 2,000; 5,000,
7,500; 10,000; 15,000; 19,000; 20,000; 25,000; 27,000;
28,000; 30,000, 40,000, 50,000, 75,000; or 100,000 different
primer pairs, wherein each pair of primers includes a for-
ward test primer and a reverse test primer where each pair
of test primers hybridize to a target locus. In some embodi-
ments, the library of primers includes at least 25; 50; 75;
100; 300; 500; 750; 1,000; 2,000; 5,000; 7,500; 10,000;
15,000; 19,000; 20,000; 25,000; 27,000; 28,000; 30,000;
40,000, 50,000; 75,000, or 100,000 different individual
primers that each hybridize to a different target locus,
wherein the individual primers are not part of primer pairs.
In some embodiments, the library has both (i) primer pairs
and (ii) individual primers (such as universal primers) that
are not part of primer pairs.

[0132] Different primers refers to non-identical primers.
[0133] Different pools refers to non-identical pools.
[0134] Different target loci refers to non-identical target
loci.

[0135] Different amplicons refers to non-identical ampli-
cons.

[0136] Hybrid Capture Probe refers to any nucleic acid

sequence, possibly modified, that is generated by various
methods such as PCR or direct synthesis and intended to be
complementary to one strand of a specific target DNA
sequence in a sample. The exogenous hybrid capture probes
may be added to a prepared sample and hybridized through
a denature-reannealing process to form duplexes of exog-
enous-endogenous fragments. These duplexes may then be
physically separated from the sample by various means.
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[0137] Sequence Read refers to data representing a
sequence of nucleotide bases that were measured using a
clonal sequencing method. Clonal sequencing may produce
sequence data representing single, or clones, or clusters of
one original DNA molecule. A sequence read may also have
associated quality score at each base position of the
sequence indicating the probability that nucleotide has been
called correctly.

[0138] Mapping a sequence read is the process of deter-
mining a sequence read’s location of origin in the genome
sequence of a particular organism. The location of origin of
sequence reads is based on similarity of nucleotide sequence
of the read and the genome sequence.

[0139] Matched Copy Error, also “Matching Chromosome
Aneuploidy” (MCA), refers to a state of aneuploidy where
one cell contains two identical or nearly identical chromo-
somes. This type of aneuploidy may arise during the for-
mation of the gametes in meiosis, and may be referred to as
a meiotic non-disjunction error. This type of error may arise
in mitosis. Matching trisomy may refer to the case where
three copies of a given chromosome are present in an
individual and two of the copies are identical.

[0140] Unmatched Copy Error, also “Unique Chromo-
some Aneuploidy” (UCA), refers to a state of aneuploidy
where one cell contains two chromosomes that are from the
same parent, and that may be homologous but not identical.
This type of aneuploidy may arise during meiosis, and may
be referred to as a meiotic error. Unmatching trisomy may
refer to the case where three copies of a given chromosome
are present in an individual and two of the copies are from
the same parent, and are homologous, but are not identical.
Note that unmatching trisomy may refer to the case where
two homologous chromosomes from one parent are present,
and where some segments of the chromosomes are identical
while other segments are merely homologous.

[0141] Homologous Chromosomes refers to chromosome
copies that contain the same set of genes that normally pair
up during meiosis.

[0142] Identical Chromosomes refers to chromosome cop-
ies that contain the same set of genes, and for each gene they
have the same set of alleles that are identical, or nearly
identical.

[0143] Allele Drop Out (ADO) refers to the situation
where at least one of the base pairs in a set of base pairs from
homologous chromosomes at a given allele is not detected.
[0144] Locus Drop Out (LDO) refers to the situation
where both base pairs in a set of base pairs from homologous
chromosomes at a given allele are not detected.

[0145] Homozygous refers to having similar alleles as
corresponding chromosomal loci.

[0146] Heterozygous refers to having dissimilar alleles as
corresponding chromosomal loci.

[0147] Heterozygosity Rate refers to the rate of individu-
als in the population having heterozygous alleles at a given
locus. The heterozygosity rate may also refer to the expected
or measured ratio of alleles, at a given locus in an individual,
or a sample of DNA.

[0148] Highly Informative Single Nucleotide Polymor-
phism (HISNP) refers to a SNP where the fetus has an allele
that is not present in the mother’s genotype.

[0149] Chromosomal Region refers to a segment of a
chromosome, or a full chromosome.
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[0150] Segment of a Chromosome refers to a section of a
chromosome that can range in size from one base pair to the
entire chromosome.

[0151] Chromosome refers to either a full chromosome, or
a segment or section of a chromosome.

[0152] Copies refers to the number of copies of a chro-
mosome segment. It may refer to identical copies, or to
non-identical, homologous copies of a chromosome segment
wherein the different copies of the chromosome segment
contain a substantially similar set of loci, and where one or
more of the alleles are different. Note that in some cases of
aneuploidy, such as the M2 copy error, it is possible to have
some copies of the given chromosome segment that are
identical as well as some copies of the same chromosome
segment that are not identical.

[0153] Haplotype refers to a combination of alleles at
multiple loci that are typically inherited together on the same
chromosome. Haplotype may refer to as few as two loci or
to an entire chromosome depending on the number of
recombination events that have occurred between a given set
of'loci. Haplotype can also refer to a set of single nucleotide
polymorphisms (SNPs) on a single chromatid that are sta-
tistically associated.

[0154] Haplotypic Data, also “Phased Data” or “Ordered
Genetic Data,” refers to data from a single chromosome in
a diploid or polyploid genome, i.e., either the segregated
maternal or paternal copy of a chromosome in a diploid
genome.

[0155] Phasing refers to the act of determining the haplo-
typic genetic data of an individual given unordered, diploid
(or polyploidy) genetic data. It may refer to the act of
determining which of two genes at an allele, for a set of
alleles found on one chromosome, are associated with each
of the two homologous chromosomes in an individual.
[0156] Phased Data refers to genetic data where one or
more haplotypes have been determined.

[0157] Hypothesis refers to a possible ploidy state at a
given set of chromosomes, or a set of possible allelic states
at a given set of loci. The set of possibilities may comprise
one or more elements.

[0158] Copy Number Hypothesis, also “Ploidy State
Hypothesis,” refers to a hypothesis concerning the number
of copies of a chromosome in an individual. It may also refer
to a hypothesis concerning the identity of each of the
chromosomes, including the parent of origin of each chro-
mosome, and which of the parent’s two chromosomes are
present in the individual. It may also refer to a hypothesis
concerning which chromosomes, or chromosome segments,
if any, from a related individual correspond genetically to a
given chromosome from an individual.

[0159] Target Individual refers to the individual whose
genetic state is being determined. In some embodiments,
only a limited amount of DNA is available from the target
individual. In some embodiments, the target individual is a
fetus. In some embodiments, there may be more than one
target individual. In some embodiments, each fetus that
originated from a pair of parents may be considered to be
target individuals. In some embodiments, the genetic data
that is being determined is one or a set of allele calls. In some
embodiments, the genetic data that is being determined is a
ploidy call.

[0160] Related Individual refers to any individual who is
genetically related to, and thus shares haplotype blocks with,
the target individual. In one context, the related individual
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may be a genetic parent of the target individual, or any
genetic material derived from a parent, such as a sperm, a
polar body, an embryo, a fetus, or a child. It may also refer
to a sibling, parent or a grandparent.

[0161] Sibling refers to any individual whose genetic
parents are the same as the individual in question. In some
embodiments, it may refer to a born child, an embryo, or a
fetus, or one or more cells originating from a born child, an
embryo, or a fetus. A sibling may also refer to a haploid
individual that originates from one of the parents, such as a
sperm, a polar body, or any other set of haplotypic genetic
matter. An individual may be considered to be a sibling of
itself.

[0162] Fetal refers to “of the fetus,” or “of the region of the
placenta that is genetically similar to the fetus”. In a preg-
nant woman, some portion of the placenta is genetically
similar to the fetus, and the free floating fetal DNA found in
maternal blood may have originated from the portion of the
placenta with a genotype that matches the fetus. Note that
the genetic information in half of the chromosomes in a fetus
is inherited from the mother of the fetus. In some embodi-
ments, the DNA from these maternally inherited chromo-
somes that came from a fetal cell is considered to be “of fetal
origin,” not “of maternal origin.”

[0163] DNA of Fetal Origin refers to DNA that was
originally part of a cell whose genotype was essentially
equivalent to that of the fetus.

[0164] DNA of Maternal Origin refers to DNA that was
originally part of a cell whose genotype was essentially
equivalent to that of the mother.

[0165] Child may refer to an embryo, a blastomere, or a
fetus. Note that in the presently disclosed embodiments, the
concepts described apply equally well to individuals who are
a born child, a fetus, an embryo or a set of cells therefrom.
The use of the term child may simply be meant to connote
that the individual referred to as the child is the genetic
offspring of the parents.

[0166] Parent refers to the genetic mother or father of an
individual. An individual typically has two parents, a mother
and a father, though this may not necessarily be the case
such as in genetic or chromosomal chimerism. A parent may
be considered to be an individual.

[0167] Parental Context refers to the genetic state of a
given SNP, on each of the two relevant chromosomes for one
or both of the two parents of the target.

[0168] Develop As Desired, also “Develop Normally,”
refers to a viable embryo implanting in a uterus and resulting
in a pregnancy, and/or to a pregnancy continuing and
resulting in a live birth, and/or to a born child being free of
chromosomal abnormalities, and/or to a born child being
free of other undesired genetic conditions such as disease-
linked genes. The term “develop as desired” is meant to
encompass anything that may be desired by parents or
healthcare facilitators. In some cases, “develop as desired”
may refer to an unviable or viable embryo that is useful for
medical research or other purposes.

[0169] Insertion into a Uterus refers to the process of
transferring an embryo into the uterine cavity in the context
of in vitro fertilization.

[0170] Maternal Plasma refers to the plasma portion of the
blood from a female who is pregnant.

[0171] Clinical Decision refers to any decision to take or
not take an action that has an outcome that affects the health
or survival of an individual. In the context of prenatal
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diagnosis, a clinical decision may refer to a decision to abort
or not abort a fetus. A clinical decision may also refer to a
decision to conduct further testing, to take actions to miti-
gate an undesirable phenotype, or to take actions to prepare
for the birth of a child with abnormalities.

[0172] Diagnostic Box refers to one or a combination of
machines designed to perform one or a plurality of aspects
of the methods disclosed herein. In an embodiment, the
diagnostic box may be placed at a point of patient care. In
an embodiment, the diagnostic box may perform targeted
amplification followed by sequencing. In an embodiment the
diagnostic box may function alone or with the help of a
technician.

[0173] Informatics Based Method refers to a method that
relies heavily on statistics to make sense of a large amount
of data. In the context of prenatal diagnosis, it refers to a
method designed to determine the ploidy state at one or more
chromosomes or the allelic state at one or more alleles by
statistically inferring the most likely state, rather than by
directly physically measuring the state, given a large amount
of genetic data, for example from a molecular array or
sequencing. In an embodiment of the present disclosure, the
informatics based technique may be one disclosed in this
patent. In an embodiment of the present disclosure it may be
PARENTAL SUPPORT™.

[0174] Primary Genetic Data refers to the analog intensity
signals that are output by a genotyping platform. In the
context of SNP arrays, primary genetic data refers to the
intensity signals before any genotype calling has been done.
In the context of sequencing, primary genetic data refers to
the analog measurements, analogous to the chromatogram,
that comes off the sequencer before the identity of any base
pairs have been determined, and before the sequence has
been mapped to the genome.

[0175] Secondary Genetic Data refers to processed genetic
data that are output by a genotyping platform. In the context
of'a SNP array, the secondary genetic data refers to the allele
calls made by software associated with the SNP array reader,
wherein the software has made a call whether a given allele
is present or not present in the sample. In the context of
sequencing, the secondary genetic data refers to the base pair
identities of the sequences have been determined, and pos-
sibly also where the sequences have been mapped to the
genome.

[0176] Non-Invasive Prenatal Diagnosis (NPD), or also
“Non-Invasive Prenatal Screening” (NPS), refers to a
method of determining the genetic state of a fetus that is
gestating in a mother using genetic material found in the
mother’s blood, where the genetic material is obtained by
drawing the mother’s intravenous blood.

[0177] Preferential Enrichment of DNA that corresponds
to a locus, or preferential enrichment of DNA at a locus,
refers to any method that results in the percentage of
molecules of DNA in a post-enrichment DNA mixture that
correspond to the locus being higher than the percentage of
molecules of DNA in the pre-enrichment DN A mixture that
correspond to the locus. The method may involve selective
amplification of DNA molecules that correspond to a locus.
The method may involve removing DNA molecules that do
not correspond to the locus. The method may involve a
combination of methods. The degree of enrichment is
defined as the percentage of molecules of DNA in the
post-enrichment mixture that correspond to the locus
divided by the percentage of molecules of DNA in the
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pre-enrichment mixture that correspond to the locus. Pref-
erential enrichment may be carried out at a plurality of loci.
In some embodiments of the present disclosure, the degree
of enrichment is greater than 20. In some embodiments of
the present disclosure, the degree of enrichment is greater
than 200. In some embodiments of the present disclosure,
the degree of enrichment is greater than 2,000. When
preferential enrichment is carried out at a plurality of loci,
the degree of enrichment may refer to the average degree of
enrichment of all of the loci in the set of loci.

[0178] Amplification refers to a method that increases the
number of copies of'a molecule, such as a molecule of DNA.
[0179] Selective Amplification may refer to a method that
increases the number of copies of a particular molecule of
DNA, or molecules of DNA that correspond to a particular
region of DNA. It may also refer to a method that increases
the number of copies of a particular targeted molecule of
DNA, or targeted region of DNA more than it increases
non-targeted molecules or regions of DNA. Selective ampli-
fication may be a method of preferential enrichment.
[0180] Universal Priming Sequence refers to a DNA
sequence that may be appended to a population of target
DNA molecules, for example by ligation, PCR, or ligation
mediated PCR. Once added to the population of target
molecules, primers specific to the universal priming
sequences can be used to amplify the target population using
a single pair of amplification primers. Universal priming
sequences are typically not related to the target sequences.
[0181] Universal Adapters, or ‘ligation adaptors’ or
‘library tags’ are DNA molecules containing a universal
priming sequence that can be covalently linked to the
S-prime and 3-prime end of a population of target double
stranded DNA molecules. The addition of the adapters
provides universal priming sequences to the 5-prime and
3-prime end of the target population from which PCR
amplification can take place, amplifying all molecules from
the target population, using a single pair of amplification
primers.

[0182] Targeting refers to a method used to selectively
amplify or otherwise preferentially enrich those molecules
of DNA that correspond to a set of loci, in a mixture of DNA.
[0183] Joint Distribution Model refers to a model that
defines the probability of events defined in terms of multiple
random variables, given a plurality of random variables
defined on the same probability space, where the probabili-
ties of the variable are linked. In some embodiments, the
degenerate case where the probabilities of the variables are
not linked may be used.

[0184] Percent identity in reference to nucleic acid
sequences refers to the degree of sequence identity between
nucleic acid sequences.

BRIEF DESCRIPTION OF THE DRAWINGS

[0185] The presently disclosed embodiments will be fur-
ther explained with reference to the attached drawings,
wherein like structures are referred to by like numerals
throughout the several views. The drawings shown are not
necessarily to scale, with emphasis instead generally being
placed upon illustrating the principles of the presently
disclosed embodiments.

[0186] FIG. 1: Graphical representation of direct multi-
plexed mini-PCR method.

[0187] FIG. 2: Graphical representation of semi-nested
mini-PCR method.
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[0188] FIG. 3: Graphical representation of fully nested
mini-PCR method.

[0189] FIG. 4: Graphical representation of hemi-nested
mini-PCR method.

[0190] FIG. 5: Graphical representation of triply hemi-
nested mini-PCR method.

[0191] FIG. 6: Graphical representation of one-sided
nested mini-PCR method.

[0192] FIG. 7: Graphical representation of one-sided mini-
PCR method.
[0193] FIG. 8: Graphical representation of reverse semi-

nested mini-PCR method.

[0194] FIG. 9: Some possible workflows for semi-nested
methods.

[0195] FIG. 10: Graphical representation of looped liga-
tion adaptors.

[0196] FIG. 11: Graphical representation of internally
tagged primers.

[0197] FIG. 12: An example of some primers with internal
tags (SEQ ID NOs: 44,611-44,622, respectively in order of
appearance).

[0198] FIG. 13: Graphical representation of a method

using primers with a ligation adaptor binding region.
[0199] FIG. 14: Simulated ploidy call accuracies for
counting method with two different analysis techniques.
[0200] FIG. 15: Ratio of two alleles for a plurality of SNPs
in a cell line in Example 4.

[0201] FIG. 16: Ratio of two alleles for a plurality of SNPs
in a cell line in Example 4 sorted by chromosome.

[0202] FIGS. 17A-17D: Ratio of two alleles for a plurality
of SNPs in four pregnant women plasma samples, sorted by
chromosome.

[0203] FIG. 18: Fraction of data that can be explained by
binomial variance before and after data correction.

[0204] FIG. 19: Graph showing relative enrichment of
fetal DNA in samples following a short library preparation
protocol.

[0205] FIG. 20: Depth of read graph comparing direct
PCR and semi-nested methods.

[0206] FIG. 21: Comparison of depth of read for direct
PCR of three genomic samples.

[0207] FIG. 22: Comparison of depth of read for semi-
nested mini-PCR of three samples.

[0208] FIG. 23: Comparison of depth of read for 1,200-
plex and 9,600-plex reactions.

[0209] FIG. 24: Read count ratios for six cells at three
chromosomes.
[0210] FIGS. 25A-25C: Allele ratios for two three-cell

reactions (FIGS. 25B and 25C) and a third reaction run on
1 ng of genomic DNA at three chromosomes (FIG. 25A).
[0211] FIGS. 26A and 26B: Allele ratios for two single-
cell reactions (FIGS. 26A and 26B) at three chromosomes.
[0212] FIG.27: Comparison of two primer libraries show-
ing the number of loci with a particular minor allele fre-
quency that are targeted by each primer library.

[0213] FIG. 28A: Graph of the electrophoresis of PCR
products.
[0214] FIGS. 28B-28M are electropherograms of lanes

1-12, respectively, in FIG. 28A.

[0215] FIG. 29: Cartoon depiction of a method of the
invention for the determination of a fetal aneuploidy (FIG.
29, step A). Maternal and paternal genotype data (from
blood or buccal swabs) and crossover frequency data from
the HapMap database are utilized to generate (FIG. 29, step
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B) multiple independent hypotheses for each potential fetal
ploidy state in silico (FIG. 29, step C). Each of these
hypotheses is expanded to include sub-hypotheses with take
into consideration the different possible crossover points.
The data model predicts what the sequencing data would
look like (the expected allele distributions) given each
hypothetical fetal genotype and at different fetal cfDNA
fractions, and is compared to the actual sequencing data; the
likelihood for each hypothesis is determined using Bayesian
statistics. In this hypothetical example, the hypotheses with
the highest likelihoods (euploidy) are determined (FIG. 29,
step D). The individual likelihoods from FIG. 29, step C are
summed for each copy number hypothesis family (mono-
somy, disomy, or triploidy). The hypothesis with the maxi-
mum likelihood is called as the ploidy state, reveals the fetal
fraction, and represents the sample-specific calculated accu-
racy.

[0216] FIGS. 30, 30D-H: Typical graphical representa-
tions of euploidy (FIG. 30), monosomy (FIG. 30D), and
trisomy (FIGS. 30E-30H). For all plots, the x-axis represents
the linear position of the individual polymorphic loci along
each chromosome (as indicated below the plots), and the
y-axis represents the number of A allele reads as a fraction
of'the total (A+B) allele reads. Maternal and fetal genotypes,
as well as the position on the y-axis around which the bands
are centered, are indicated to the right of the plots. If desired
to facilitate visualization, the plots may be color-coded
according to maternal genotype, such that red (filled circles
as shown in FIGS. 30, 30D-H) indicates a maternal genotype
of AA, blue (filled squares as shown in FIGS. 30, 30D-H)
indicates a maternal genotype of BB, and green (open
triangles as shown in FIGS. 30, 30D-H) indicates a maternal
genotype of AB. If desired, maternal allele contributions
may be indicated in color in the “Fetal Genotype” column.
Allele contributions are indicated as maternallfetal, such that
alleles for which the mother is AA and the fetus is AB are
indicated as AAIAB. FIG. 30, 0% FF plot: Generated plots
when two chromosomes are present and the fetal cfDNA
fraction is 0%. This plot is from a non-pregnant woman, and
thus represents the pattern when the genotype is entirely
maternal. Allele clusters are thus centered around 1 (AA
alleles), 0.5 (AB alleles), and 0 (BB alleles). FIG. 30, 12%
FF plot: Generated plot when two chromosomes are present
and the fetal fraction is 12%. The contribution of fetal alleles
to the fraction of A allele reads shifts the position of some
allele spots up or down along the y-axis, such that the bands
are centered around 1 (AAIAA alleles), 0.94 (AAIAB
alleles), 0.56 (ABIAA alleles), 0.50 (ABIAB alleles), 0.44
(ABIBB alleles), 0.06 (BBIAB alleles), and 0 (BBIBB
alleles). FIG. 30, 26% FF Plot. Generated plot when two
chromosomes are present and the fetal fraction is 26%. The
pattern, including two filled circles and two filled square
peripheral bands and a trio of central open triangle bands, is
readily apparent. Bands are centered around 1 (AAIAA
alleles), 0.87 (AAIAB alleles), 0.63 (ABIAA alleles), 0.50
(ABIAB alleles), 0.37 (ABIBB alleles), 0.13 (BBIAB
alleles), and 0 (BBIBB alleles). FIG. 30D: Generated plot
when one chromosome is present and the fetal fraction is
26%. The hallmark pattern of one external filled circles and
one external filled square peripheral band as well as two
central open triangle bands indicated maternally-inherited
monosomy. Because the fetus only contributes a single allele
(A or B) to the allele reads, the internal peripheral filled
circles and filled square bands are not present, and the center
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trio of bands condenses into two bands. Bands that are
centered around 1 (AAIA alleles), 0.57 (ABIA alleles), 0.43
(ABIB alleles), and 0 (BBIB alleles). FIG. 30E: Generated
plot when three chromosomes are present and the fetal
fraction is 27%. This pattern of two filled circles and filled
square peripheral bands as well as two central open triangle
bands indicates maternally-inherited meiotic trisomy. Bands
are centered around 1 (AATAAA alleles), 0.88 (AAIAAB
alleles), 0.56 (ABIAAB alleles), 0.44 (ABIABB alleles),
0.12 (BBIABB alleles), and 0 (BBIBBB alleles). FIG. 30F:
Generated plot when three chromosomes are present and the
fetal fraction is 14%. This pattern of three filled circles and
three filled square peripheral bands, as well as two central
open triangle bands, indicates paternally-inherited meiotic
trisomy. Bands are centered around 1 (AAIAAA alleles),
0.93 (AATAAB alleles), 0.87 (AAIABB alleles), 0.60 (ABI-
AAA alleles), 0.53 (ABIAAB alleles), 0.47 (ABIABB
alleles), 0.40 (ABIBBB alleles), 0.13 (BBIAAB alleles),
0.07 (BBIABB alleles), and 0 (BBIBBB alleles). FIG. 30G:
Generated plot when three chromosomes are present and the
fetal fraction is 35%. This pattern of two filled circles and
two filled square peripheral bands and four central open
triangle bands indicates maternally-inherited mitotic tri-
somy. Bands are centered around 1 (AAIAAA alleles), 0.85
(AAIAARB alleles), 0.72 (ABIAAA alleles), 0.57 (ABIAAB
alleles), 0.43 (ABIABB alleles), 0.28 (ABIBBB alleles),
0.15 (BBIABB alleles), and 0 (BBIBBB alleles). FIG. 30H:
Generated plot when three chromosomes are present and the
fetal fraction is 25%. This pattern of two filled circles and
two filled square peripheral bands as well as four central
open triangle bands indicates paternally-inherited mitotic
trisomy. This pattern can be distinguished from that of
maternally-inherited mitotic trisomy (as in FIG. 30G) by the
position of the internal peripheral bands. Specifically, bands
are centered around 1 (AAIAAA alleles), 0.78 (AAIABB
alleles), 0.67 (ABIAAA alleles), 0.56 (ABIAAB alleles),
0.44 (ABIABB alleles), 0.33 (ABIBBB alleles), 0.22 (BBI-
AARB alleles), and 0 (BBIBBB alleles).

[0217] FIGS. 31A-31G: Graphical representations of
(FIG. 31A) euploid, (FIG. 31B) T13, (FIG. 31C) T18, (FIG.
31D) T21, (FIG. 31E) 45,X, (FIG. 31F) 47, XXY, and (FIG.
31G) 47, XYY, test samples as indicated. Each chromosome
is indicated at the top of the plot, fetal and maternal
genotypes are indicated to the right of the plots, the x-axis
represents the linear position of the SNPs along each chro-
mosome, and the y-axis indicates the number of A allele
reads as a fraction of the total reads. Note the altered cluster
positioning based on fetal fraction, as described herein. Each
spot represents a single SNP locus. Fetal and maternal
genotypes are indicated to the right of the plot, and chro-
mosome identities are indicated at the top of the plots.

[0218] FIG. 32: The combined at-birth prevalence of sex
chromosome aneuploidies is greater than that of autosomal
aneuploidies.

[0219] FIGS. 33A-33F: Illustrations of the calculation of
an interaction score between primers in a primer library.
FIG. 33A shows the first two bases (dinucleotide) of a
primer that align to the other primer for calculation of AG.
Iterate over the remainder of the primer that aligns with the
other primer by sliding the bases being observing one base
to the right. Continue until AG has been calculated for all
pairs of bases that align (FIG. 33B). Shift the alignment of
the two primers (FIGS. 33C and 33D). Determine AG for the
new alignment (FIGS. 33E and 33F).
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[0220] FIG. 34: Table of the percentage of reads that map
to target loci for genomic DNA samples and for samples of
a single cell from a cell line for both mother and child
samples.

[0221] FIG. 35: Overlay of depth of read for a genomic
and a single cell sample for different SNPs.

[0222] FIG. 36: Table of the percentage of reads that map
to target loci for blastoceol fluid and for a single blastocyst
cell.

[0223] FIG. 37. Graph of reference counts (counts of one
allele, such as the “A” allele) divided by total counts for that
locus for a single blastocyst cell.

[0224] FIG. 38 is a graph showing the limit of detection
for single nucleotide variants in a tumor biopsy using three
different methods described in Example 23.

[0225] FIG. 39 is a graph showing the limit of detection
for single nucleotide variants in a plasma sample using three
different methods described in Example 23.

[0226] FIGS. 40A and 40B are graphs of the analysis of
genomic DNA (FIG. 40A) or DNA from a single cell (FIG.
40B) using a library of approximately 28,000 primers
designed to detect CNVs. The presence of two central bands
instead of one central band indicates the presence of a CNV.
The x-axis represents the linear position of the SNPs, and the
y-axis indicates the fraction of A allele reads out of the total
reads.

[0227] FIGS. 41A and 41B are graphs of the analysis of
genomic DNA (FIG. 41A) or DNA from a single cell (FIG.
41B) using a library of approximately 3,000 primers
designed to detect CNVs. The presence of two central bands
instead of one central band indicates the presence of a CNV.
The x-axis represents the linear position of the SNPs, and the
y-axis indicates the fraction of A allele reads out of the total
reads.

[0228] FIG. 42 is a graph illustrating the uniformity in
depth of read (DOR) for these ~3,000 loci.

[0229] FIG. 43 is a table comparing error call metrics for
genomic DNA and DNA from a single cell.

[0230] FIG. 44 is a graph of error rates for transition
mutations and transversion mutations.

[0231] FIG. 45 is a table of data (such as percent mapped
reads and error rate) from multiplex PCR with various
buffers.

[0232] FIG. 46 is a graph illustrating the uniformity in
DOR for multiplex PCR with buffers from FIG. 45.
[0233] FIG. 47 is a graph illustrating the normalized depth
of'read (DOR) for multiplex PCR with buffers from FIG. 45
with the DOR normalized to that of buffer 2xMM.

[0234] While the above-identified drawings set forth pres-
ently disclosed embodiments, other embodiments are also
contemplated, as noted in the discussion. This disclosure
presents illustrative embodiments by way of representation
and not limitation. Numerous other modifications and
embodiments can be devised by those skilled in the art
which fall within the scope and spirit of the principles of the
presently disclosed embodiments.

DETAILED DESCRIPTION

[0235] The present invention is based in part on the
surprising discovery that often only a relatively small num-
ber of primers in a library of primers are responsible for a
substantial amount of the amplified primer dimers that form
during multiplex PCR reactions. Methods have been devel-
oped to select the most undesirable primers for removal
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from a library of candidate primers. By reducing the amount
of primer dimers to a negligible amount (~0.1% of the PCR
products), these methods allow the resulting primer libraries
to simultaneously amplify a large number of target loci in a
single multiplex PCR reaction. Because the primers hybrid-
ize to the target loci and amplify them rather than hybrid-
izing to other primers and forming amplified primer dimers,
the number of different target loci that can be amplified is
increased. It was also discovered that using lower primer
concentrations and much longer annealing times than nor-
mal increases the likelihood that the primers hybridize to the
target loci instead of hybridizing to each other and forming
primer dimers (see, e.g., U.S. Ser. No. 13/683,604, filed Nov.
21, 2012, which is hereby incorporated by reference in its
entirety). The methods can also be used to amplify a large
number of target loci even if the primers have a relatively
large range of melting temperatures (in contrast to other
methods that require primers to have very similar melting
temperatures to successfully amplify multiple loci simulta-
neously due to the need for the primers to be functional
under the same reaction conditions). Additionally, it was
discovered that the annealing temperature can optionally be
higher than the melting temperatures of the primers (in
contrast to other methods that use an annealing temperature
below the melting temperatures of the primers). A higher
annealing temperature improves the specificity of the PCR
amplification and reduces or prevents amplification of non-
target loci.

[0236] During the PCR amplification and sequencing of
19,488 target loci in a genomic sample, 99.4-99.7% of the
sequencing reads mapped to the genome, of those, 99.99%
of the mapped to target loci. For plasma samples with 10
million sequencing reads, typically at least 19,350 of the
19,488 target loci (99.3%) were amplified and sequenced.
This primer library has even been used to amplify the
nucleic acids in a single cell (FIGS. 34-37).

[0237] During the PCR amplification and sequencing of
~28,000 target loci in a genomic sample, 99% of the
sequencing reads mapped to target loci. This primer library
has also been used to amplify nucleic acids in a single cell.
[0238] Being able to simultaneously amplify such a large
number of target loci at once greatly decreases the amount
of time and the amount of DNA required to analyze thou-
sands of target loci. For example, DNA from a single cell is
sufficient to simultaneously analyze thousands of target loci,
which is important for applications in which the amount of
DNA is low, such as genetic testing of a single cell from an
embryo prior to in vitro fertilization or genetic testing of a
forensic sample with little DNA. In addition, being able to
analyze the target loci in one reaction volume (such as in one
chamber, well, or vessel) rather than splitting the sample into
multiple different reactions reduces variability that can occur
between reactions. In addition, methods have been devel-
oped to use reference standards to correct for amplification
bias that may occur between different target loci. For
example, differences in amplification efficiency between
target loci due to factors such as GC content may cause
differing amounts of PCR products to be produced for target
loci that are actually present in the same amount. The use of
reference standards similar to the target loci allows the
detection of such amplification bias so that it can be cor-
rected for during the quantitation of the target loci.

[0239] During sequencing of PCR products, artifacts such
as primer dimers are detected and thus inhibit the detection
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of target amplicons. Because of this limitation, microarrays
with hybridization probes are often used for detection since
microarrays are less sensitive to interference from primer
dimers (for example, microarrays can be used as a target
specific detection that uses probes to hybridize to target
amplicons but does not have probes to hybridize to unde-
sired primer dimers). The high level of multiplexing with
minimal non-target amplicons that has now been achieved
allows PCR followed by sequencing to be used as an
alternative to microarrays. For example, the present multi-
plex PCR methods can be used with a non-target specific
method of detection, such as sequencing that detects all
amplified products (including both target amplicons and
primer dimers, if any). The small amount of primer dimers
that are produced allows detection of target amplicons by
methods that detect all amplicons. Thus, in some embodi-
ments, the method includes multiplex PCR followed by
sequencing without use of an array. In other embodiments,
the method includes multiplex PCR followed by an array for
detection of the amplified products.

[0240] The multiplex-PCR methods of the invention can
be in a variety of applications, such as genotyping, detection
of chromosomal abnormalities (such as a fetal chromosome
aneuploidy), gene mutation and polymorphism (such as
single nucleotide polymorphisms, SNPs) analysis, gene
deletion analysis, determination of paternity, analysis of
genetic differences among populations, forensic analysis,
measuring predisposition to disease, quantitative analysis of
mRNA, and detection and identification of infectious agents
(such as bacteria, parasite, and viruses). The multiplex PCR
methods can also be used for non-invasive prenatal testing,
such as paternity testing or the detection of fetal chromo-
some abnormalities.

Exemplary Primer Design Methods

[0241] Highly multiplexed PCR can often result in the
production of a very high proportion of product DNA that
results from unproductive side reactions such as primer
dimer formation. In an embodiment, the particular primers
that are most likely to cause unproductive side reactions may
be removed from the primer library to give a primer library
that will result in a greater proportion of amplified DNA that
maps to the genome. The step of removing problematic
primers, that is, those primers that are particularly likely to
firm dimers has unexpectedly enabled extremely high PCR
multiplexing levels for subsequent analysis by sequencing.
In systems such as sequencing, where performance signifi-
cantly degrades by primer dimers and/or other mischief
products, greater than 10, greater than 50, and greater than
100 times higher multiplexing than other described multi-
plexing has been achieved. Note this is opposed to probe
based detection methods, e.g. microarrays, TAQMAN, PCR
etc. where an excess of primer dimers will not affect the
outcome appreciably. Also note that the general belief in the
art is that multiplexing PCR for sequencing is limited to
about 100 assays in the same well. Fluidigm and Rain Dance
offer platforms to perform 48 or 1000 s of PCR assays in
parallel reactions for one sample.

[0242] There are a number of ways to choose primers for
a library where the amount of non-mapping primer dimer or
other primer mischief products are minimized. Empirical
data indicate that a small number of ‘bad’ primers are
responsible for a large amount of non-mapping primer dimer
side reactions. Removing these ‘bad’ primers can increase
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the percent of sequence reads that map to targeted loci. One
way to identify the ‘bad’ primers is to look at the sequencing
data of DNA that was amplified by targeted amplification;
those primer dimers that are seen with greatest frequency
can be removed to give a primer library that is significantly
less likely to result in side product DNA that does not map
to the genome. There are also publicly available programs
that can calculate the binding energy of various primer
combinations, and removing those with the highest binding
energy will also give a primer library that is significantly less
likely to result in side product DNA that does not map to the
genome.

[0243] In some embodiments for selecting primers, an
initial library of candidate primers is created by designing
one or more primers or primer pairs to candidate target loci.
A set of candidate target loci (such as SNPs) can selected
based on publically available information about desired
parameters for the target loci, such as frequency of the SNPs
within a target population or the heterozygosity rate of the
SNPs. In one embodiment, the PCR primers may be
designed using the Primer3 program (the worldwide web at
primer3.sourceforge.net; libprimer3 release 2.2.3, which is
hereby incorporated by reference in its entirety). If desired,
the primers can be designed to anneal within a particular
annealing temperature range, have a particular range of GC
contents, have a particular size range, produce target ampli-
cons in a particular size range, and/or have other parameter
characteristics. Starting with multiple primers or primer
pairs per candidate target locus increases the likelihood that
a primer or prime pair will remain in the library for most or
all of the target loci. In one embodiment, the selection
criteria may require that at least one primer pair per target
locus remains in the library. That way, most or all of the
target loci will be amplified when using the final primer
library. This is desirable for applications such as screening
for deletions or duplications at a large number of locations
in the genome or screening for a large number of sequences
(such as polymorphisms or other mutations) associated with
a disease or an increased risk for a disease. If a primer pair
from the library would produces a target amplicon that
overlaps with a target amplicon produced by another primer
pair, one of the primer pairs may be removed from the
library to prevent interference.

[0244] In some embodiments, a score such as an “unde-
sirability score” (higher score representing least desirability)
is calculated (such as calculation on a computer) for most or
all of the possible combinations of two primers from a
library of candidate primers. In various embodiments, a
score (such as an undesirability score) is calculated for at
least 80, 90, 95, 98, 99, or 99.5% of the possible combina-
tions of candidate primers in the library. Each score (such as
an undesirability score) is based at least in part on the
likelihood of dimer formation between the two candidate
primers. If desired, the score (such as the undesirability
score) may also be based on one or more other parameters
selected from the group consisting of heterozygosity rate of
the target locus, disease prevalence associated with a
sequence (e.g., a polymorphism) at the target locus, disease
penetrance associated with a sequence (e.g., a polymor-
phism) at the target locus, specificity of the candidate primer
for the target locus, size of the candidate primer, melting
temperature of the candidate primer, melting temperature of
the target amplicon, GC content of the target amplicon, GC
content of the 3' end of the candidate primer, homopolymer
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length in the candidate primer, amplification efficiency of
the target amplicon, size of the target amplicon, number of
SNPs within the candidate primer, location of SNPs within
the candidate primer, distance from an end of the amplicon
to the target bases within the amplicon, and the number of
target loci in an amplicon. In some embodiments, the lower
the number of SNPs with the candidate primer (such as 2, 1
or 0 SNPs) the better. In some embodiments, there are no
SNPs in the candidate primer. In some embodiments, SNPs
(if any) are preferably not in the last 5 nucleotides in the 3'
end of the candidate primer. In some embodiments, the
target bases (the bases of interest in a target locus) are
preferably near an end (the 3' or 5' end) of the amplicon; this
may improve the quality of sequencing data (since bases
near the end of an amplicon are sequenced more accurately),
and/or allow shorter sequencing reads to be performed. In
some embodiments, a single amplicon includes 2 or more
target loci (such as 2 or more nearby SNPs or variants). In
some embodiments, the specificity of the candidate primer
for the target locus includes the likelihood that the candidate
primer will mis-prime by binding and amplifying a locus
other than the target locus it was designed to amplify. In
some embodiments, one or more or all the candidate primers
that mis-prime are removed from the library. In some
embodiments to increase the number of candidate primers to
choose from, candidate primers that may mis-prime are not
removed from the library. In some embodiments, the optimal
melting temperature for selection of the candidate primers is
57° C. In some embodiments, the optimal size for selection
of the candidate primers is a length of 24 nucleotides. In
some embodiments, the optimal GC content for selection of
the candidate primers is 50%. If multiple factors are con-
sidered, the score (such as the undesirability score) may be
calculated based on a weighted average of the various
parameters. The parameters may be assigned different
weights based on their importance for the particular appli-
cation that the primers will be used for. An exemplary score
(such as an undesirability score) for a primer is shown below
in which the parameters are weighted by various factors.

score=(1)(total number of targets—number of targets
covered)+(100)(number of SNPs in GC clamp)+
(10)(number of SNPs in primer binding site)+
(10)(number of similar primer pair designs)+(0.
1)(distance of target base from amplicon end)+
(0.1)(amplicon length)+(100)(interaction score)

[0245] where interaction score=max (-1*AG value) as
described herein

[0246]
below.

Another exemplary score for a primer is shown

score=(100)(number of SNPs in GC clamp)+(10)
(number of SNPs in primer binding site)+(0.1)
(distance of target base from amplicon end)+(0.
1)(amplicon length)+(100)(interaction score)

[0247] where interaction score=max (-1*AG value) as
described herein

[0248] In some embodiments, the score for a primer pair
is the worse score out of the scores for the two primers in the
pair. An exemplary score (such as an undesirability score or
the score in Example 20) for a pairs of designs (in which
each design is one primer pair so that a pair of designs
includes two primer pairs with a total of 4 primers) is shown
below.
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score=(10000000)(amplicon overlap)+(100)(distance
between designs)+(1)(total number of targets—
number of targets covered)+(100)(number of
SNPs in GC clamp)+(10)(number of SNPs in
primer binding site)+(10)(number of similar
primer pair designs)+(0.1)(distance of target
base from amplicon end)+(0.1)(amplicon
length)+(100)(interaction score)

[0249] where interaction score=max (-1*AG value) as
described herein;

[0250] where amplicon overlap=overlap between the two
amplicons formed by a pair of designs

[0251] In some embodiments, the score for a pair of
designs is the worse score out of the scores for the four
primers in the pair of designs.

[0252] In some embodiments, the primer with the highest
score (such as the undesirability score) or any score repre-
senting least desirability is removed from the library. If the
removed primer is a member of a primer pair that hybridizes
to one target locus, then the other member of the primer pair
may be removed from the library. The process of removing
primers may be repeated as desired. In some embodiments,
the selection method is performed until the score (such as the
undesirability score) for the candidate primer combinations
remaining in the library are all equal to or below a minimum
threshold (such as any threshold for which the primers
remaining in the library all have at least that level of
desirability). In some embodiments, the selection method is
performed until the number of candidate primers remaining
in the library is reduced to a desired number.

[0253] In various embodiments, after the score (such as
the undesirability score) are calculated, the candidate primer
that is part of the greatest number of combinations of two
candidate primers with a score (such as an undesirability
score) above a first minimum threshold (such as any thresh-
old for which the primers remaining in the library all have
at least that level of desirability) is removed from the library.
This step ignores interactions equal to or below the first
minimum threshold since these interactions are less signifi-
cant. If the removed primer is a member of a primer pair that
hybridizes to one target locus, then the other member of the
primer pair may be removed from the library. The process of
removing primers may be repeated as desired. In some
embodiments, the selection method is performed until the
score (such as the undesirability score) for the candidate
primer combinations remaining in the library are all equal to
or below the first minimum threshold. If the number of
candidate primers remaining in the library is higher than
desired, the number of primers may be reduced by decreas-
ing the first minimum threshold to a lower second minimum
threshold (such as any threshold with a stricter cutoff than
the first minimum threshold so that some of the least
desirable primers are removed from the library) and repeat-
ing the process of removing primers. If the number of
candidate primers remaining in the library is lower than
desired, the method can be continued by increasing the first
minimum threshold to a higher second minimum threshold
(such as any threshold with a less strict cutoff than the first
minimum threshold) and repeating the process of removing
primers using the original candidate primer library, thereby
allowing more of the candidate primers to remain in the
library. In some embodiments, the selection method is
performed until the score (such as the undesirability score)
for the candidate primer combinations remaining in the
library are all equal to or below the second minimum
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threshold, or until the number of candidate primers remain-
ing in the library is reduced to a desired number.

[0254] If desired, primer pairs that produce a target ampli-
con that overlaps with a target amplicon produced by
another primer pair can be divided into separate amplifica-
tion reactions. Multiple PCR amplification reactions may be
desirable for applications in which it is desirable to analyze
all of the candidate target loci (instead of omitting candidate
target loci from the analysis due to overlapping target
amplicons).

[0255] In various embodiments of any of the aspects of the
invention, the selection method selects candidate primers
and divides them into different pools (e.g., 2, 3, 4, 5, 6, or
more different pools). Each pool can be used to simultane-
ously amplify a large number of target loci (or a subset of
target loci) in a single reaction volume. In some embodi-
ments, a graph coloring algorithm is used to divide candidate
primers into different pools. If desired, this method can be
used to minimize the number of different pools needed to
amplify most or all of the target loci.

[0256] In some embodiments, most or all of the target loci
(such as at least 70, 80, 90, 92, 94, 96, 98, 99, or 100% of
the target loci) are amplified by at least 2, 3, 4, 5, 6, or more
different pools. In some embodiments, most or all of the
bases in the target loci (such as at least 70, 80, 90, 92, 94,
96, 98, 99, or 100% of the bases in the target loci) are
amplified by at least 2,3, 4, 5, 6, or more different pools. In
some embodiments, most or all of the bases in the target loci
(such as at least 70, 80, 90, 92, 94, 96, 98, 99, or 100% of
the bases in the target loci) are amplified by at least 2, 3, 4,
5, 6, or more different primers or primer pairs in different
pools. For example, a particular base in a target locus may
be amplified by at least 2, 3, 4, 5, 6, or more different primers
or primer pairs; wherein each different primer or primer pair
is in a different pool. Using different primers or primer pairs
to amplify each base allows multiple independent measure-
ments of the base to be made, thereby increasing the
accuracy of the method. Dividing the different primers or
primer pairs that amplify the same base into different pools
prevents interference due to overlapping amplicons being
formed by different primers or primer pairs.

[0257] In one aspect, the invention features methods of
selecting test primers from a library of candidate primers to
form 2 or more different primer pools. In various embodi-
ments, the selection involves (i) calculating on a computer
a score (such as an undesirability score) for most or all of the
possible combinations of two candidate primers from the
library, wherein each score (such as an undesirability score)
is based at least in part on the likelihood of dimer formation
between the two candidate primers; (ii) removing the can-
didate primer with the highest or worst score (such as an
undesirability score) from the library of candidate primers;
and (iii) if the candidate primer removed in step (i) is a
member of a primer pair, then removing the other member
of the primer pair from the library of candidate primers; and
(iv) optionally repeating steps (ii) and (iii), thereby selecting
a first pool. In some embodiments, the selection method is
performed until the score (such as the undesirability score)
for the candidate primer combinations remaining in the
library are all equal to or below a minimum threshold for the
first pool. In some embodiments, the selection method is
performed until the number of candidate primers remaining
in the library is reduced to a desired number for the first
pool. In some embodiments, after the first pool is selected
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those primers are removed from further consideration and
steps of the method (such as steps (ii) and (iii)) are repeated
with the remaining primers to select a second pool. If
desired, this method may be repeated to select the desired
number of primer pools. In some embodiments, the score is
based at least in part on the current coverage of the bases in
the target locus (such as the number of other primer pools
that have a primer or primer pair that amplifies a particular
base in the target locus).

[0258] In one aspect, the invention features methods of
selecting test primers from a library of candidate primers to
form 2 or more different primer pools. In various embodi-
ments, the selection of test primers are selected from a
library of candidate primers involves (i) calculating on a
computer a score (such as an undesirability score) for most
or all of the possible combinations of two candidate primers
from the library, wherein each score (such as an undesir-
ability score) is based at least in part on the likelihood of
dimer formation between the two candidate primers; (ii)
removing from the library of candidate primers the candi-
date primer that is part of the greatest number of combina-
tions of two candidate primers with a score (such as an
undesirability score) above a first minimum threshold; (iii)
if the candidate primer removed in step (ii) is a member of
a primer pair, then removing the other member of the primer
pair from the library of candidate primers; and (iv) option-
ally repeating steps (ii) and (iii), thereby selecting a first
pool. In some embodiments, the selection method is per-
formed until the score (such as the undesirability score) for
the candidate primer combinations remaining in the library
are all equal to or below the first minimum threshold for the
first pool. In some embodiments, the selection method is
performed until the number of candidate primers remaining
in the library is reduced to a desired number for the first
pool. In various embodiments, the selection method
involves further reducing the number of candidate primers
remaining in the library by decreasing the first minimum
threshold used in step (ii) to a lower second minimum
threshold and optionally repeating steps (ii) and (iii). In
some embodiments, the selection method involves increas-
ing the first minimum threshold used in step (ii) to a higher
second minimum threshold and optionally repeating steps
(i) and (iii). In some embodiments, the selection method is
performed until the score (such as the undesirability score)
for the candidate primer combinations remaining in the
library are all equal to or below the second minimum
threshold, or until the number of candidate primers remain-
ing in the library is reduced to a desired number for the first
pool. In some embodiments, after the first pool is selected
those primers are removed from further consideration and
steps of the method (such as steps (ii) and (iii)) are repeated
with the remaining primers to select a second pool. If
desired, this method may be repeated to select the desired
number of primer pools. In some embodiments, the score is
based at least in part on the current coverage of the bases in
the target locus (such as the number of other primer pools
that have a primer or primer pair that amplifies a particular
base in the target locus).

[0259] As discussed above, in some embodiments, a
library is formed by starting with a library of candidate
primers and removing primers until the primers remaining in
the library have the desired characteristics for use as a final
primer library.
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[0260] Inother embodiments, candidate primers are added
to a library (such as a library starting with no primers) to
form a library with the desired characteristics. In some
embodiments, the candidate primer or primer pair with the
most desirable score (such as the lowest undesirability
score) is added to a library (such as a library starting with no
primers). The process of adding candidate primers may be
repeated as desired. In some embodiments, the selection
method is performed until the score (such as the undesir-
ability score) for the candidate primers that have not been
added to the library are all above a minimum threshold (such
that all the candidate primers that have not been chosen for
the library all have worse scores than the threshold). In some
embodiments, the selection method is performed until the
number of candidate primers that have been added to the
library reaches a desired number. The library of selected
primers can then be used in any of the methods of the
invention.

[0261] In some embodiments, most (such as at least 50,
60, 70, 80, 90, 95, 96, 97, 98, 99, or 99.5%) or all of the
possible sets of two primer pairs (two primer pairs with a
total of 4 primers) are considered for inclusion in a library.
In some embodiments, the set of two different candidate
primer pair with the most desirable score (such as the lowest
undesirability score) is added to a first pool (such as a first
pool starting with no primers). In some embodiments, the set
of two different candidate primer pairs with the next most
desirable score is added to the first pool if it is connected to
at most two sets of two different candidate primer pairs in
the first pool. By “connected” for purposes of this step is
meant that a single candidate primer pair in one set of two
different candidate primer pairs is the same as a single
candidate primer pair in another set of two different candi-
date primer pairs. If the set of two different candidate primer
pairs is connected to more than two sets, it may be added to
a different pool than the first pool. The process of set of two
different candidate primer pair to pool(s) may be repeated as
desired for the next set of two different candidate primer
pairs with the next most desirable score. In some embodi-
ments, the selection method is performed until the score
(such as the undesirability score) for the candidate primers
that have not been added to the pool(s) are all above a
minimum threshold (such that all the candidate primers that
have not been chosen for the pool(s) all have worse scores
than the threshold). In some embodiments, the selection
method is performed until the number of candidate primers
that have been added to the pool(s) reaches a desired
number. In some embodiments, the method involves storing
designs in N number of doubly linked list data structures
with the design pairs. N represents the current number of
different primer pools. Initially, N=1, since there is only one
primer pool. In some embodiments, a second pool is only
created if necessary to include the desired target loci or the
desired level of coverage of target loci. The library of
selected primers can then be used in any of the methods of
the invention.

[0262] Insome embodiments, the minimum threshold, the
first minimum threshold, or the second minimum threshold
is an interaction score equal to or about 20, 18, 16, 14, 12,
10,9,8,7,6,5,4, 3, 2,or 1 kcal/mol. In some embodiments,
the interaction score is calculated as followed as described
further herein:
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Interaction score=max(-1*AG value); or

interaction_score=max(—deltaG_2,0.8*(-deltaG_1))

[0263] where

[0264] deltaG_2=Gibbs energy (energy required to break
the dimer) for a dimer that is extensible by PCR on both
ends, i.e., the 3' end of each primer anneals to the other
primer; and

[0265] deltaG_1=Gibbs energy for a dimer that is exten-
sible by PCR on at least one end.

[0266] These selection methods minimize the number of
candidate primers that have to be removed from the library
to achieve the desired reduction in primer dimers. By
removing a smaller number of candidate primers from the
library, more (or all) of the target loci can be amplified using
the resulting primer library.

[0267] Multiplexing large numbers of primers imposes
considerable constraint on the assays that can be included.
Assays that unintentionally interact result in spurious ampli-
fication products. The size constraints of miniPCR may
result in further constraints. In an embodiment, it is possible
to begin with a very large number of potential SNP targets
(between about 500 to greater than 1 million) and attempt to
design primers to amplify each SNP. Where primers can be
designed it is possible to attempt to identify primer pairs
likely to form spurious products by evaluating the likelihood
of spurious primer duplex formation between all possible
pairs of primers using published thermodynamic parameters
for DNA duplex formation. Primer interactions may be
ranked by a scoring function related to the interaction and
primers with the worst interaction scores are eliminated until
the number of primers desired is met. In cases where SNPs
likely to be heterozygous are most useful, it is possible to
also rank the list of assays and select the most heterozygous
compatible assays. Experiments have validated that primers
with high interaction scores are most likely to form primer
dimers. At high multiplexing it is not possible to eliminate
all spurious interactions, but it is essential to remove the
primers or pairs of primers with the highest interaction
scores in silico as they can dominate an entire reaction,
greatly limiting amplification from intended targets. We
have performed this procedure to create multiplex primer
sets of up to and in some cases more than 10,000 primers.
The improvement due to this procedure is substantial,
enabling amplification of more than 80%, more than 90%,
more than 95%, more than 98%, and even more than 99% on
target products as determined by sequencing of all PCR
products, as compared to 10% from a reaction in which the
worst primers were not removed. When combined with a
partial semi-nested approach as previously described, more
than 90%, and even more than 95% of amplicons may map
to the targeted sequences.

[0268] Note that there are other methods for determining
which PCR probes are likely to form dimers. In an embodi-
ment, analysis of a pool of DNA that has been amplified
using a non-optimized set of primers may be sufficient to
determine problematic primers. For example, analysis may
be done using sequencing, and those dimers which are
present in the greatest number are determined to be those
most likely to form dimers, and may be removed.

[0269] This method has a number of potential application,
for example to SNP genotyping, heterozygosity rate deter-
mination, copy number measurement, and other targeted
sequencing applications. In an embodiment, the method of
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primer design may be used in combination with the mini-
PCR method described elsewhere in this document. In some
embodiments, the primer design method may be used as part
of a massive multiplexed PCR method.

[0270] The use of tags on the primers may reduce ampli-
fication and sequencing of primer dimer products. In some
embodiments, the primer contains an internal region that
forms a loop structure with a tag. In particular embodiments,
the primers include a 5' region that is specific for a target
locus, an internal region that is not specific for the target
locus and forms a loop structure, and a 3' region that is
specific for the target locus. In some embodiments, the loop
region may lie between two binding regions where the two
binding regions are designed to bind to contiguous or
neighboring regions of template DNA. In various embodi-
ments, the length of the 3' region is at least 7 nucleotides. In
some embodiments, the length of the 3' region is between 7
and 20 nucleotides, such as between 7 to 15 nucleotides, or
7 to 10 nucleotides, inclusive. In various embodiments, the
primers include a 5' region that is not specific for a target
locus (such as a tag or a universal primer binding site)
followed by a region that is specific for a target locus, an
internal region that is not specific for the target locus and
forms a loop structure, and a 3' region that is specific for the
target locus. Tag-primers can be used to shorten necessary
target-specific sequences to below 20, below 15, below 12,
and even below 10 base pairs. This can be serendipitous with
standard primer design when the target sequence is frag-
mented within the primer binding site or, or it can be
designed into the primer design. Advantages of this method
include: it increases the number of assays that can be
designed for a certain maximal amplicon length, and it
shortens the “non-informative” sequencing of primer
sequence. It may also be used in combination with internal
tagging (see elsewhere in this document).

[0271] In an embodiment, the relative amount of nonpro-
ductive products in the multiplexed targeted PCR amplifi-
cation can be reduced by raising the annealing temperature.
In cases where one is amplifying libraries with the same tag
as the target specific primers, the annealing temperature can
be increased in comparison to the genomic DNA as the tags
will contribute to the primer binding. In some embodiments
we are using considerably lower primer concentrations than
previously reported along with using longer annealing times
than reported elsewhere. In some embodiments the anneal-
ing times may be longer than 3 minutes, longer than 5
minutes, longer than 8 minutes, longer than 10 minutes,
longer than 15 minutes, longer than 20 minutes, longer than
30 minutes, longer than 60 minutes, longer than 120 min-
utes, longer than 240 minutes, longer than 480 minutes, and
even longer than 960 minutes. In an embodiment, longer
annealing times are used than in previous reports, allowing
lower primer concentrations. In various embodiments, lon-
ger than normal extension times are used, such as greater
than 3, 5, 8, 10, or 15 minutes. In some embodiments, the
primer concentrations are as low as 50 nM, 20 nM, 10 nM,
5 nM, 1 nM, and lower than 1 uM. This surprisingly results
in robust performance for highly multiplexed reactions, for
example 1,000-plex reactions, 2,000-plex reactions, 5,000-
plex reactions, 10,000-plex reactions, 20,000-plex reactions,
50,000-plex reactions, and even 100,000-plex reactions. In
an embodiment, the amplification uses one, two, three, four
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or five cycles run with long annealing times, followed by
PCR cycles with more usual annealing times with tagged
primers.

[0272] To select target locations, one may start with a pool
of candidate primer pair designs and create a thermody-
namic model of potentially adverse interactions between
primer pairs, and then use the model to eliminate designs
that are incompatible with other the designs in the pool.

[0273] In an embodiment, the invention features a method
of decreasing the number of target loci (such as loci that may
contain a polymorphism or mutation associated with a
disease or disorder or an increased risk for a disease or
disorder such as cancer) that need to be detected for a
diagnosis and/or increasing the disease load that is detected
(e.g., increasing the number of polymorphisms or mutations
that are detected). In some embodiments, the method
includes ranking (such as ranking from highest to lowest)
loci by frequency or reoccurrence of a polymorphism or
mutation (such as a single nucleotide variation, insertion, or
deletion, or any of the other variations described herein) in
each locus among subjects with the disease or disorder such
as cancer. In some embodiments, PCR primers are designed
to some or all of the loci. During selection of PCR primers
for a library of primers, primers to loci that have a higher
frequency or reoccurrence (higher ranking loci) are favored
over those with a lower frequency or reoccurrence (lower
ranking loci). In some embodiments, this parameter is
included as one of the parameters in the calculation of the
scores (such as the undesirability scores) described herein. If
desired, primers (such as primers to high ranking loci) that
are incompatible with other designs in the library can be
included in a different PCR library/pool. In some embodi-
ments, multiple libraries/pools (such as 2, 3, 4, 5 or more)
are used in separate PCR reactions to enable amplification of
all (or a majority) of the loci represented by all the libraries/
pools. In some embodiment, this method is continued until
sufficient primers are included in one or more libraries/pools
such that the primers, in aggregate, enable the desired
disease load to be captured for the disease or disorder (e.g.,
such as by detection of at least 80, 85, 90, 95, or 99% of the
disease load).

[0274] In some embodiments, the library of candidate
primers includes at least 25; 50; 75; 100; 300; 500; 750;
1,000; 2,000; 5,000; 7,500; 10,000, 15,000; 19,000; 20,000;
25,000; 27,000; 28,000, 30,000; 40,000; 50,000; 75,000, or
100,000 different primers or different primer pairs. In some
embodiments, only a relatively small number of candidate
primers need to be removed from the library to achieve the
desired reduction in primer dimers. In some embodiments,
less than 30, 20, 15, 10, 5, or 2% of the candidate primers
are removed from the library prior to use of the resulting
library for multiplex PCR amplification of target loci. In
some embodiments, a relatively large number of candidate
primers are removed from the library to achieve the desired
characteristics for the resulting library. In some embodi-
ments, at least 20, 30, 40, 50, 60, 70, 80, or 90% of the
candidate primers are removed from the library prior to use
of the resulting library for multiplex PCR amplification of
target loci. In some embodiments, at least 25; 50; 75; 100;
300; 500, 750; 1,000; 2,000, 5,000; 7,500; 10,000; 15,000
19,000, 20,000; 25,000; 27,000; 28,000; 30,000; 40,000,
50,000; 75,000; or 100,000 different primers or different
primer pairs remain in the library (after removal of some
candidate primers from the library).
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[0275] After the selection process, the primers remaining
in the library may be used in any of the methods of the
invention.

Exemplary Methods for Determining Interaction Scores

[0276] Exemplary methods of determining a AG value
(such as the change in Gibbs free energy for primer dimer
formation) or an interaction score that indicates the likeli-
hood of dimer formation between candidate primers are
described below. In some embodiments, a thermodynamic
Nearest-Neighbors approach is used to calculate the likeli-
hood of dimer formation between any two primers (see, e.g.,
Rahmann and Grafe (2004), “Mean and variance of the
Gibbs free energy of oligonucleotides in the nearest neigh-
bor model under varying conditions” Bioinformatics 20,
2028-2933; Allawi, H. T. & Santalucia, J., Jr. (1998),
“Thermodynamics of Internal C-T Mismatches in DNA”,
Nucleic Acids Res. 26, 2694-2701; Peyret, N., Seneviratne,
P. A., Allawi, H. T. & Santalucia, J., Jr. (1999), “Nearest-
Neighbor Thermodynamics and NMR of DNA Sequences
with Internal A-A, C-C, G-G, and T-T Mismatches”, Bio-
chemistry 38, 3468-3477; Allawi, H. T. & Santal.ucia, J., Jr.
(1998), “Nearest-Neighbor Thermodynamics of Internal
A-C Mismatches in DNA: Sequence Dependence and pH
Effects”, Biochemistry 37, 9435-9444.; Allawi, H. T. &
Santalucia, I., Jr. (1998), “Nearest Neighbor Thermody-
namic Parameters for Internal G-A Mismatches in DNA”,
Biochemistry 37, 2170-2179; and Allawi, H. T. & Santal.u-
cia, J., Jr. (1997), “Thermodynamics and NMR of Internal
G-T Mismatches in DNA”, Biochemistry 36, 10581-10594;
MultiPLX 2.1 (Kaplinski L., Andreson R, Puurand T, Remm
M. MultiPLX: automatic grouping and evaluation of PCR
primers. Bioinformatics. 2005 Apr. 15; 21(8):1701-2, which
are each hereby incorporated by reference in its entirety).

[0277] In some embodiments, the following steps are
performed.

Step 1

[0278] For each primer in a set of candidate primers,

compare to every other candidate primer in the following
way. Implement an ungapped thermodynamic alignment
between the two primers, matching the 5' end of the first
primer to the 3' end of the second primer. Taking the first two
bases (dinucleotide) that align to the other primer and vice
versa, determine the AH and AS values for the dinucleotide
in one primer hybridizing to the dinucleotide in the other
primer (see the “AT” hybridizing to “GA” in FIG. 33A). AH
and AS values for various combinations of dinucleotides are
known and can be determined, for example, using a ther-
modynamic look up table (such as the Unified NN model
parameters according to Allawi and Santalucia (1997)
“Thermodynamics and NMR of internal G-T mismatches in
DNA”. Biochemistry, 36: 10581-10594, which is hereby
incorporated by reference in its entirety). Use the AH and AS
values to calculate AG for that interaction as follows or as
described in any known equation for this.

AG=(1000.0* AH-(temperature*(AS+0.368*(num-
Phosphates/2)*log(saltConcentration))))/1000.0

[0279] In some embodiments, one or more of the follow-
ing conditions are assumed for this calculation: temperature:
of 60.0° C., primer concentration of 100 nM, or salt con-
centration of 100 mM. In some embodiments, other condi-
tions are assumed for this calculation, such as the conditions
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that will be used for multiplex PCR with the pool. Iterate
over the remainder of the primer that aligns with the other
primer by sliding the bases being observing one base to the
right. Continue until AG has been calculated for all dinucle-
otides that align (FIG. 33B). The AG for that alignment of
the primer pair is the sum of the AG values for the various
dinucleotides.

Step 2

[0280] Shift the alignment of the two primers (FIGS. 33C
and 33D).

Step 3

[0281] Repeat step 1 again for the new alignment (FIGS.
33E and 33F).

Step 4

[0282] After aligning all possible alignments between the

two primers, determine the final AG value and the interac-
tion score.

[0283] In some embodiments, the AG value for a combi-
nation of primers is the lowest AG value (the lowest numeri-
cal value, which is indicative of the greatest likelihood of
primer dimer formation) out of the AG values for all possible
alignments between the two primers. For example, if one
alignment has a AG value of -12 kcal/mol and another
alignment has a AG value of -2 kcal/mol then -12 kcal/mol
(worse value) is used as the AG value for that combination
of primers.

[0284] For algorithms such as the one in Example 16 in
which it is easiest to rank primers based on assigning the
worse combination of primers (those with the greatest
likelihood of dimer formation) the highest interaction score,
then the interaction score can be calculated as follows.

Interaction score=max(-1*AG value)

[0285] For example, if one alignment has a AG value of
-12 kecal/mol and another alignment has a AG value of -2
kcal/mol, then 12 kcal/mol is used as the interaction score.
In this case, the interaction score with the largest numerical
positive number indicates the least desirable combination of
primers due to the greatest likelihood of primer dimer
formation.

[0286] In some embodiments, the interaction score is
calculated as follows (this score weights the AG values
depending on the number of ends that a dimer can be
extended by PCR).

interaction_score=max(—deltaG_2,0.8*(-deltaG_1))

[0287] where

[0288] deltaG_2=Gibbs energy (energy required to break
the dimer) for a dimer that is extensible by PCR on both
ends, i.e., the 3' end of each primer anneals to the other
primer; and

[0289] deltaG_1=Gibbs energy for a dimer that is exten-
sible by PCR on at least one end.

[0290] In some embodiments, deltaG_2 is determined by
performing steps 1-4 above for all the alignments in which
a dimer is extensible by PCR on both ends. The deltaG_2
value is the lowest AG value (the lowest numerical value,
which is indicative of the greatest likelihood of primer dimer
formation) for all the alignments in which a dimer is
extensible by PCR on both ends.
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[0291] In some embodiments, deltaG_1 is determined by
performing steps 1-4 above for all the alignments in which
a dimer is extensible by PCR on at least one end (such as by
PCR on one end or by PCR on both ends). The deltaG_1
value is the lowest AG value (the lowest numerical value,
which is indicative of the greatest likelihood of primer dimer
formation) for all the alignments in which a dimer is
extensible by PCR on at least one end.

[0292] In some embodiments, possible loop structures or
gaps in alignment between primers are also considered.
[0293] In some embodiments, AG values from step 4 for
each possible combination of two primers (each possible
primer dimer) in a library are all equal to or greater than -20,
-18, -16, -14, -12, -10, -9, -8, -7, -6, -5, -4, -3, -2, or
-1 kecal/mol. In some embodiments, AG values from step 4
for at least 80, 85, 90, 92, 94, 96, 98, 99, or 100% of the
primers in the library for possible combinations of that
primer with other primers in the library are all equal to or
greater than -20, -18, -16, -14, -12, -10, -9, -8, -7, -6,
=5, =4, =3, =2, or -1 kcal/mol. In some embodiments,
possible combinations of two primers in a library that have
positive AG values are ignored since these values are
indicative of no likelihood to for primer dimers. In some
embodiments for the possible combination of two primers in
a library that have negative AG values, the AG values are
between —-20 and 0 kcal/mol, such as between -15 and 0
kcal/mol, =10 and 0 kcal/mol, -8 and 0 kcal/mol, =7 and 0
kcal/mol, -6 and 0 kcal/mol, -5.5 and 0 kcal/mol, =5 and 0
kcal/mol, —4.5 and 0 kcal/mol, -4 and 0 kcal/mol, -3.5 and
0 kcal/mol, -3 and 0 kcal/mol, -2.5 and 0 kcal/mol, -2 and
0 kcal/mol, or —-1.5 and 0 kcal/mol, inclusive.

[0294] In some embodiments, the interaction scores from
step 4 for each possible combination of two primers in a
library are all equal to or less than 20, 18, 16, 14, 12, 10, 9,
8,7,6,5,4,3,2,or 1 kcal/mol. In some embodiments, the
interaction scores from step 4 for at least 80, 85, 90, 92, 94,
96, 98, 99, or 100% of the primers in the library for possible
combinations of that primer with other primers in the library
are all equal to or less than 20, 18, 16, 14, 12,10, 9, 8,7, 6,
5, 4, 3, 2, or 1 kecal/mol. In some embodiments, possible
combination of two primers in a library that have negative
interaction scores are ignored since these values are indica-
tive of no likelihood to for primer dimers. In some embodi-
ments for the possible combination of two primers in a
library that have positive interaction scores, the interaction
scores are between 20 and 0 kcal/mol, such as between 15
and 0 kcal/mol, 10 and 0 kcal/mol, 8 and 0 kcal/mol, 7 and
0 kcal/mol, 6 and 0 kcal/mol, 5.5 and 0 kcal/mol, 5 and 0
kcal/mol, 4.5 and 0 kcal/mol, 4 and O kcal/mol, 3.5 and 0
kcal/mol, 3 and 0 kcal/mol, 2.5 and 0 kcal/mol, 2 and 0
kcal/mol, or 1.5 and 0 kcal/mol, inclusive.

[0295] In some embodiments, the score (such as the unde-
sirability score) for candidate primers is based at least in part
on the AG value or the interaction score that indicates the
likelihood of dimer formation between candidate primers as
calculated using any of these methods.

Exemplary Primer Libraries

[0296] In one aspect, the invention features libraries of
primers, such as primers selected from a library of candidate
primers using any of the methods of the invention. In some
embodiments, the library includes primers that simultane-
ously hybridize (or are capable of simultaneously hybridiz-
ing) to or that simultaneously amplify (or are capable of

NeoGenomics
Page 91

Exhibit 1111



US 2020/0347454 Al

simultaneously amplifying) at least 25; 50; 75; 100; 300;
500; 750; 1,000; 2,000; 5,000; 7,500; 10,000; 15,000,
19,000; 20,000, 25,000; 27,000; 28,000; 30,000; 40,000;
50,000; 75,000; or 100,000 different target loci in one
reaction volume. In various embodiments, the library
includes primers that simultaneously amplify (or are capable
of simultaneously amplifying) between 1,000 to 2,000;
2,000 to 5,000; 5,000 to 7,500, 7,500 to 10,000; 10,000 to
20,000; 20,000 to 25,000; 25,000 to 30,000; 30,000 to
40,000; 40,000 to 50,000; 50,000 to 75,000; or 75,000 to
100,000 different target loci in one reaction volume, inclu-
sive. In various embodiments, the library includes primers
that simultaneously amplify (or are capable of simultane-
ously amplifying) between 1,000 to 100,000 different target
loci in one reaction volume, such as between 1,000 to
50,000; 1,000 to 30,000; 1,000 to 20,000, 1,000 to 10,000,
2,000 to 30,000; 2,000 to 20,000; 2,000 to 10,000; 5,000 to
30,000; 5,000 to 20,000; or 5,000 to 10,000 different target
loci, inclusive. In some embodiments, the library includes
primers that simultaneously amplify (or are capable of
simultaneously amplifying) the target loci in one reaction
volume such that less than 60, 40, 30, 20, 10, 5, 4, 3, 2, 1,
0.5, 0.25, 0.1, or 0.5% of the amplified products are primer
dimers. The various embodiments, the amount of amplified
products that are primer dimers is between 0.5 to 60%, such
as between 0.1 to 40%, 0.1 to 20%, 0.25 to 20%, 0.25 to
10%, 0.5 to 20%, 0.5 to 10%, 1 to 20%, or 1 to 10%,
inclusive. In some embodiments, the primers simultaneously
amplify (or are capable of simultaneously amplifying) the
target loci in one reaction volume such that at least 50, 60,
70, 80, 90, 95, 96, 97, 98, 99, or 99.5% of the amplified
products are target amplicons. In various embodiments, the
amount of amplified products that are target amplicons is
between 50 to 99.5%, such as between 60 to 99%, 70 to
98%, 80 to 98%, 90 to 99.5%, or 95 to 99.5%, inclusive. In
some embodiments, the primers simultaneously amplify (or
are capable of simultaneously amplifying) the target loci in
one reaction volume such that at least 50, 60, 70, 80, 90, 95,
96, 97, 98, 99, or 99.5% of the target loci are amplified. In
various embodiments, the amount target loci that are ampli-
fied is between 50 to 99.5%, such as between 60 to 99%, 70
to 98%, 80 to 99%, 90 to 99.5%, 95 to 99.9%, or 98 to
99.99% inclusive. In some embodiments, at least 50, 60, 70,
80, 90, 95, 96, 97, 98, 99, or 99.5% of the target loci are
amplified at least 5, 10, 20, 40, 50, 60, 80, 100, 120, 150,
200, 300, or 400-fold. In some embodiments, the library of
primers includes at least 25; 50; 75; 100; 300; 500; 750;
1,000, 2,000, 5,000, 7,500; 10,000; 15,000; 19,000; 20,000;
25,000; 27,000, 28,000; 30,000, 40,000; 50,000; 75,000; or
100,000 primer pairs, wherein each pair of primers includes
a forward test primer and a reverse test primer where each
pair of test primers hybridize to a target locus. In some
embodiments, the library of primers includes at least 25; 50;
75; 100; 300; 500; 750; 1,000, 2,000; 5,000; 7,500; 10,000;
15,000; 19,000; 20,000; 25,000; 27,000; 28,000; 30,000;
40,000; 50,000; 75,000; or 100,000 individual primers that
each hybridize to a different target locus, wherein the
individual primers are not part of primer pairs.

[0297] In some embodiments, the library includes primers
(such as at least 25; 50; 75; 100; 300; 500; 750; 1,000; 2,000,
5,000, 7,500; 10,000; 15,000; 19,000; 20,000; 25,000,
27,0005 28,000; 30,000, 40,000, 50,000; 75,000; or 100,000
different primers or different primer pairs) that simultane-
ously amplify (or are capable of simultaneously amplifying)
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the target loci (such as at least 25; 50; 75; 100; 300; 500;
750; 1,000; 2,000; 5,000, 7,500; 10,000; 15,000; 19,000,
20,000; 25,000, 27,000, 28,000; 30,000, 40,000; 50,000,
75,000; or 100,000 different target loci) in one reaction
volume such that one or more of the following: (i) less than
60, 40, 30, 20, 10, 5,4, 3,2,1,0.5,0.25, 0.1, or 0.5% of the
amplified products are primer dimers, (ii) at least 50, 60, 70,
80, 90, 95, 96, 97, 98, 99, or 99.5% of the amplified products
are target amplicons, (iii) at least 50, 60, 70, 80, 90, 95, 96,
97, 98, 99, or 99.5% of the target loci are amplified, (iv) at
least 50, 60, 70, 80, 90, 95, 96, 97, 98, 99, or 99.5% of the
target loci are amplified at least 5, 10, 20, 40, 50, 60, 80, 100,
120, 150, 200, 300, or 400-fold, (v) at least 60, 70, 80, 90,
95, 96, 97, 98, 99, 99.5, or 100% of the amplified products
map to the human genome, or (vi) any combination thereof.

[0298] In some embodiments, the library includes at least
1,000 different primers or different primer pairs (such as at
least 2,000; 5,000; 7,500; 10,000; 15,000, 19,000, 20,000;
25,000; 27,000; 28,000; 30,000; 40,000; 50,000; 75,000; or
100,000 different primers or different primer pairs) that
simultaneously amplify (or are capable of simultaneously
amplifying) at least 1,000 different target loci (such as at
least 2,000; 5,000; 7,500; 10,000; 15,000, 19,000, 20,000;
25,000; 27,000; 28,000; 30,000; 40,000; 50,000; 75,000; or
100,000 different target loci) in one reaction volume such
that one or more of the following: (i) less than 60% of the
amplified products are primer dimers and at least 40% of the
amplified products are target amplicons, (ii) less than 40% of
the amplified products are primer dimers and at least 60% of
the amplified products are target amplicons, (iii) less than
20% of the amplified products are primer dimers and at least
80% of the amplified products are target amplicons, (iv) less
than 10% of the amplified products are primer dimers and at
least 90% of the amplified products are target amplicons, or
(v) less than 5% of the amplified products are primer dimers
and at least 95% of the amplified products are target ampli-
cons. In some embodiments for the amplification of nucleic
acids (such as DNA or RNA) from a single cell (such as a
fetal or embryonic cell), the library includes at least 1,000
different primers or different primer pairs (such as at least
2,000; 5,000; 7,500; 10,000; 15,000, 19,000; 20,000,
25,000; 27,000; 28,000; 30,000; 40,000; 50,000; 75,000; or
100,000 different primers or different primer pairs) that
simultaneously amplify (or are capable of simultaneously
amplifying) at least 1,000 different target loci (such as at
least 2,000; 5,000; 7,500; 10,000; 15,000, 19,000, 20,000;
25,000; 27,000; 28,000; 30,000; 40,000; 50,000; 75,000; or
100,000 different target loci) in one reaction volume such
that one or more of the following: (i) less than 60% of the
amplified products are primer dimers and at least 10% of the
amplified products are target amplicons, (ii) less than 40% of
the amplified products are primer dimers and at least 10% of
the amplified products are target amplicons, (iii) less than
20% of the amplified products are primer dimers and at least
10% of the amplified products are target amplicons, (iv) less
than 10% of the amplified products are primer dimers and at
least 10% of the amplified products are target amplicons, (v)
less than 5% of the amplified products are primer dimers and
at least 15% of the amplified products are target amplicons;
(vi) less than 60% of the amplified products are primer
dimers and at least 20% of the amplified products are target
amplicons, (vii) less than 40% of the amplified products are
primer dimers and at least 20% of the amplified products are
target amplicons, (viii) less than 20% of the amplified
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products are primer dimers and at least 20% of the amplified
products are target amplicons, (ix) less than 10% of the
amplified products are primer dimers and at least 20% of the
amplified products are target amplicons, (x) less than 5% of
the amplified products are primer dimers and at least 20% of
the amplified products are target amplicons; (xi) less than
60% of the amplified products are primer dimers and at least
40% of the amplified products are target amplicons, (xii) less
than 40% of the amplified products are primer dimers and at
least 40% of the amplified products are target amplicons,
(xiii) less than 20% of the amplified products are primer
dimers and at least 40% of the amplified products are target
amplicons, (xiv) less than 10% of the amplified products are
primer dimers and at least 40% of the amplified products are
target amplicons, (xv) less than 5% of the amplified products
are primer dimers and at least 45% of the amplified products
are target amplicons; (xvi) less than 40% of the amplified
products are primer dimers and at least 60% of the amplified
products are target amplicons, (xvii) less than 20% of the
amplified products are primer dimers and at least 80% of the
amplified products are target amplicons, (xviii) less than
10% of the amplified products are primer dimers and at least
90% of the amplified products are target amplicons, or
(xviiii) less than 5% of the amplified products are primer
dimers and at least 95% of the amplified products are target
amplicons. In some embodiments, at least 50, 60, 70, 80, 90,
95, 96, 97, 98, 99, or 99.5% of the target loci are amplified
at least 5, 10, 20, 40, 50, 60, 80, 100, 120, 150, 200, 300, or
400-fold. In some embodiments, one or more of these
embodiments (e.g., percent of primer dimers, target ampli-
cons, or amplified target loci) is achieved after greater than
or equal to 5, 10, 20, 30, 40, 50, or 60 cycles of PCR are
performed. In some embodiments for a library that amplifies
human target loci, at least 60, 70, 80, 90, 95, 96, 97, 98, 99,
99.5, or 100% of the amplified products map to the human
genome.

[0299] In various embodiments, the concentration of each
primer is less than 100, 75, 50, 25, 20, 10, 5, 2, 1, 0.5, 0.1,
or 0.05 nM, or less than 500, 100, 10, or 1 uM. In various
embodiments, the concentration of each primer is between 1
uM to 100 nM, such as between 1 uM to 1 nM, 1 to 75 nM,
11020 nM, 1 to 10 nM, 2 to 50 nM or 5 to 50 nM, inclusive.
In some embodiments, the concentration of one or more
universal primers is between 0.2 to 3 uM, such as between
0.5 and 2.5 uM, 0.5 to 1 uM, or 1 to 2.5 uM per primer,
inclusive, and the concentration of each primer except the
universal primer(s) is between 1 uM to 100 nM, such as
between 1 uM to 1 nM, 1 to 75 nM, 1to 20 nM, 1 to 10 nM,
2 to 50 nM or 5 to 50 nM, inclusive. In various embodi-
ments, the GC content of the primers is between 30 to 80%,
such as between 20 to 70%, 40 to 70%, or 50 to 60%,
inclusive. In some embodiments, the range of GC content of
the primers is less than 30, 20, 10, or 5%. In some embodi-
ments, the range of GC content of the primers is between 5
to 30%, such as 5 to 20% or 5 to 10%, inclusive. In some
embodiments, there is a high GC content in the 3' end of the
primers. In some embodiments, there are at least 2 (such as
3, 4, or 5) guanines or cytosines in the last 5 bases at the 3'
end of the primers. In some embodiments, there are at least
1 (such as 2 or 3) guanines or cytosines in the last 3 bases
at the 3' end of the primers. In some embodiments, a
maximum of 2 (such as 2, 1, or 0) bases in the last 5 bases
at the 3' end of the primers are guanines or cytosines. In
some embodiments, a maximum of 1 (such as 1 or 0) base
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in the last 5 bases at the 3' end of the primers is a guanine
or cytosine. In some embodiments, the maximum length of
ahomopolymer (the same base in a row) in the primers is 12,
10, 8, 6, 5, 4, 3, or 2 consecutive nucleotides. In some
embodiments, the melting temperature (T,) of the test
primers is between 40 to 80° C., such as 50 to 70° C., 55 to
65° C., 54 to 60.5° C., or 57 to 60.5° C., inclusive. In some
embodiments, the T,, is calculated using the Primer3 pro-
gram (libprimer3 release 2.2.3) using the built-in Santalucia
parameters (the World Wide Web at primer3.sourceforge.
net). In some embodiments, the range of melting tempera-
ture of the primers is less than 15, 10, 5, 3, or 1° C. In some
embodiments, the range of melting temperature of the prim-
ers is between 1 to 15° C., such as between 1 to 10° C., 1
to 5° C., or 1 to 3° C., inclusive. In some embodiments, the
range of melting temperatures of at least 25; 50; 75; 100;
300; 500; 750; 1,000; 2,000, 5,000, 7,500; 10,000; 15,000;
19,000, 20,000; 25,000, 27,000; 28,000; 30,000; 40,000,
50,000; 75,000; 100,000; or all of the primers is between 1
to 15° C., such as between 1 to 10° C., 1 to 5° C., 1 to 3°
C.,2t05°C.,31t0 10°C., or 3 to 5° C,, inclusive. In some
embodiments, the length of the primers is between 15 to 100
nucleotides, such as between 15 to 75 nucleotides, 15 to 40
nucleotides, 17 to 35 nucleotides, 18 to 30 nucleotides, 20 to
65 nucleotides, inclusive. In some embodiments, the range
of the length of the primers is less than 50, 40, 30, 20, 10,
or 5 nucleotides. In some embodiments, the range of the
length of the primers is between 5 to 50 nucleotides, such as
5 to 40 nucleotides, 5 to 20 nucleotides, or 5 to 10 nucleo-
tides, inclusive. In some embodiments, the length of the
target amplicons is between 50 and 100 nucleotides, such as
between 60 and 80 nucleotides, or 60 to 75 nucleotides,
inclusive. In some embodiments, the length of the target
amplicons is between 30 and 400 nucleotides, such as
between 30 and 200 nucleotides, or 100 and 400 nucleotides,
inclusive. In some embodiments, the length of the target
amplicons is at least 100; 200; 300; 400; 500; 600; 700; 800;
900; 1,000; 1,200, 1,500; 2,000; or 3,000 nucleotides. In
some embodiments, the length of the target amplicons is
between 100 and 1,500 nucleotides, such as between 100 to
1,000; 100 to 500, 500 to 750, or 750 to 1,000 nucleotides,
inclusive. Longer amplicons may be desirable, e.g., for
applications in which is it desirable to screen for multiple
potential mutations in one amplicon, such as carrier screen-
ing. In some embodiments, one round of PCR is performed
to produce relatively long amplicons (such as at least 250 or
500 nucleotides in length) and then a second round of PCR
is performed to produce shorter amplicons (to amplify
regions within the amplicons amplified in the first round of
PCR, such as regions of less than 200 or 100 nucleotides in
length). In some embodiments, the range of the length of the
target amplicons is less than 50, 25, 15, 10, or 5 nucleotides.
In some embodiments, the range of the length of the target
amplicons is between 5 to 50 nucleotides, such as 5 to 25
nucleotides, 5 to 15 nucleotides, or 5 to 10 nucleotides,
inclusive. In some embodiments, at least 25; 50; 75; 100;
300; 500; 750; 1,000; 2,000, 5,000, 7,500; 10,000; 15,000;
19,000, 20,000; 25,000, 27,000; 28,000; 30,000; 40,000,
50,000; 75,000; or 100,000 or all of the target amplicons
have a length that falls within the range of the average length
of the amplicons+5% of the average length, average
length+20%, average length+20%, or average length+30%,
or average length+50%.
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[0300] In some embodiments, library includes at least at
least 25; 50; 75; 100, 300, 500, 750, 1,000, 2,000; 5,000,
7,500; 10,000; 15,000; 19,000; 20,000; 25,000; 27,000;
28,000; 30,000, 40,000, 50,000, 75,000; or 100,000 different
primers that each includes a target specific sequence, such as
a sequence that binds a target locus but does not substan-
tially bind to other nucleic acids (such as non-target loci) in
a sample, e.g., a biological sample, which naturally includes
other nucleic acids. In some embodiments, each primer
binds and amplifies a target locus by at least 2, 4, 6, 8, 10,
20, 50-fold or more than one or more (or all) other nucleic
acids (such as non-target loci) in a sample. In some embodi-
ments, the library includes at least 25; 50; 75; 100; 300; 500;
750; 1,000; 2,000; 5,000; 7,500; 10,000; 15,000; 19,000;
20,000; 25,000, 27,000; 28,000; 30,000; 40,000; 50,000;
75,000; or 100,000 different target specific primers (e.g.,
primers that are specific for a target locus). In some embodi-
ments, part or all of the polynucleotide sequence is a
non-random sequence for at least 25; 50; 75; 100; 300; 500;
750; 1,000; 2,000; 5,000; 7,500; 10,000; 15,000; 19,000;
20,000; 25,000, 27,000; 28,000; 30,000; 40,000; 50,000;
75,000; or 100,000 different primers in the library. In some
embodiments, library also includes a universal primer, a
random primer, and a primer with a non-naturally occurring
polynucleotide sequence, or a primer with a polynucleotide
sequence not naturally found in a human in some embodi-
ments, the universal or random primer has a non-naturally
occurring polynucleotide sequence or a polynucleotide
sequence not naturally found in a human.

[0301] In some embodiments, the composition includes at
least one primer (e.g., at least 25; 50; 75; 100; 300; 500; 750;
1,000, 2,000, 5,000, 7,500; 10,000; 15,000; 19,000; 20,000;
25,000; 27,000, 28,000; 30,000, 40,000; 50,000; 75,000; or
100,000 non-identical primers) with a polynucleotide
sequence of a human nucleic acid and at least one primer
(e.g., at least 25; 50; 75; 100; 300; 500; 750; 1,000; 2,000,
5,000; 7,500; 10,000; 15,000; 19,000; 20,000; 25,000,
27,000; 28,000; 30,000; 40,000, 50,000; 75,000; or 100,000
non-identical primers) with a polynucleotide sequence that
is not found in a human (such as a universal primer, a primer
that comprises a region or consists entirely of random
nucleotides, or a primer with a region such as a tag or
barcode of one or more nucleotides that are not found in a
human or are not found in nature as part of the polynucle-
otide sequence of the primer). In some embodiments, at least
one primer (e.g., at least 25; 50; 75; 100; 300; 500; 750;
1,000, 2,000, 5,000, 7,500; 10,000; 15,000; 19,000; 20,000;
25,000; 27,000, 28,000; 30,000, 40,000; 50,000; 75,000; or
100,000 non-identical primers) includes a region of one or
more nucleotides that is not naturally part of the primer
sequence (such as a region added to the 5' end of the target
specific sequence in the primer or an internal region added
between the 5' and 3' ends of the primer). In some embodi-
ments, the primer is free of the nucleic acids (such as genes)
which, in the naturally-occurring genome of the organism
from which the nucleic acid of the invention is derived, flank
the gene. In some embodiments, the primer has been sepa-
rated from one or more components that naturally accom-
pany the corresponding sequence in nature (such as in the
genome of a human). Typically, each primer is at least 90,
95, 98, 99, 99.9, or 100%, by weight, free from the mol-
ecules (such as proteins, nucleic acids, and naturally-occur-
ring organic molecules) that naturally accompany the cor-
responding sequence in nature (such as in the genome of a
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human). Purity can be assayed by any appropriate method,
e.g., by electrophoresis or HPLC analysis.

[0302] In some embodiments, the primers in the library
are not immobilized (such as not immobilized to a solid
support) or not part of a microarray. In some embodiments,
the primers are dissolved in solution (such as dissolved in
the liquid phase). In some embodiments, the library com-
prises a microarray. In some embodiments, the amplified
products are detected using an array, such as an array with
probes to one or more chromosomes of interest (e.g., chro-
mosome 13, 18, 21, X, Y, or any combination thereof).

[0303] In some embodiments, at least one of the primers
(such as at least 20, 40, 80, 90, 95, 98, 99, 99.5, or 100% of
the primers) in a library are nucleic acid analogs that have
a lower likelihood of primer dimerization compared to the
naturally-occurring nucleic acids (see, e.g., U.S. Pat. Nos.
7,414,118 and 6,001,611; which are each hereby incorpo-
rated by reference in its entirety). Exemplary nucleic acid
analogs have a modified pyrimidine nucleobase, or a purine
or pyrimidine base that contains an exocyclic amine.

[0304] In some embodiments, the primer library includes
a small number of primers (such as less than 5, 2, 1, or 0.5%
of the primers in the library) that do not have one or more
of the properties described herein. In various embodiments,
at least 80, 90, 95, 96, 97, 98, 99, 99.5, or 100% of the
primers in the library have one or more of the following
properties: (i) AG values for possible combinations of that
primer with other primers in the library are all equal to or
greater than -20, -18, -16, -14, -12, -10, -9, -8, -7, -6,
-5, -4, -3, =2, or -1 kcal/mol; (ii)) AG values for the
possible combination of that primer with other primers in the
library that have negative AG are between -20 and 0
kcal/mol, such as between -15 and 0 kcal/mol, -10 and 0
kcal/mol, -8 and 0 kcal/mol, -7 and 0 kcal/mol, -6 and O
kcal/mol, -5.5 and 0 kcal/mol, -5 and 0 kcal/mol, -4.5 and
0 kcal/mol, -4 and 0 kcal/mol, -3.5 and 0 kcal/mol, -3 and
0 kcal/mol, -2.5 and 0 kcal/mol, -2 and 0 kcal/mol, or -1.5
and 0 kecal/mol, inclusive; (iii) the GC content is between 30
to 80%, such as between 20 to 70%, 40 to 70%, or 50 to
60%, inclusive; (iv) the range of GC content is less than 30,
20, 10, or 5% or the range of GC content of the primers is
between 5 to 30%, such as 5 to 20%, or 5 to 10%, inclusive;
(v) a maximum of 2 (such as 2, 1, or 0) bases in the last 5
bases at the 3' end of the primers are guanines or cytosines;
(vi) the melting temperature (T,,) of the primers is between
40 to 80° C., such as 50 to 70° C., 55 to 65° C., 54 to 60.5°
C., or 57 to 60.5° C., inclusive; (vii) the range of melting
temperature of the primers is less than 15, 10, 5,3, or 1° C.;
(viii) the range of melting temperature of the primers is
between 1 to 15° C., such as between 1 to 10° C., 1to 5° C.,
1t03°C,2t05°C,3t010°C, or 3 to 5° C,, inclusive;
(ix) the length of the primers is between 15 to 100 nucleo-
tides, such as between 15 to 75 nucleotides, 15 to 40
nucleotides, 17 to 35 nucleotides, 18 to 30 nucleotides, or 20
to 65 nucleotides, inclusive; (x) the range of the length of the
primers is less than 50, 40, 30, 20, 10, or 5 nucleotides; (xi)
the range of the length of the primers is between 5 to 50
nucleotides, such as 5 to 40 nucleotides, 5 to 20 nucleotides,
or 5 to 10 nucleotides, (xii) the length of the target amplicons
is between 50 and 100 nucleotides, such as between 60 and
80 nucleotides, or 60 to 75 nucleotides; (xiii) the length of
the target amplicons is between 30 and 400 nucleotides, such
as between 30 and 200 nucleotides, or 100 and 400 nucleo-
tides; (xiv) the range of the length of the target amplicons is
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less than 50, 25, 15, 10, or 5 nucleotides; (xv) the range of
the length of the target amplicons is between 5 to 50
nucleotides, such as 5 to 25 nucleotides, 5 to 15 nucleotides,
or 5 to 10 nucleotides; (xvi) the maximum length of a
homopolymer in the primers is 12, 10, 8, 6, 5, 4, 3, or 2
consecutive nucleotides; (xvii) the concentration of each
primer is less than 100, 75, 50, 25, 20, 10, 5, 2, 1, 0.5, 0.1,
or 0.05 nM, or less than 500, 100, 10, or 1 uM; (xviii) the
concentration of each primer is between 1 uM to 100 nM,
such as between 1 uM to 1 nM, 1 to 75 nM, 1 to 20 nM, 1
to 10 nM, 2 to 50 nM, or 5 to 50 nM, inclusive; (xix) at least
80, 90, 92, 94, 96, 98, 99, or 100% of the molecules of that
primer are extended to form amplified products; (xx) SNPs
(if any) are not in the last 5 nucleotides in the 3' end of the
candidate primer; (xxi) the target bases (the bases of interest
in a target locus) are near an end (the 3' or 5' end) of the
amplicon; (xxii) the region of hybridization is separated
from the polymorphic site by a small number of bases,
where the small number is selected from the group consist-
ingof1,2,3,4,5,6t0 10, 11 to 15, 16 to 20, 21 to 25, 26
to 30, and 31 to 60; (xxiii) the length of the annealing step
is greater than 1, 3, 5, 8, 10, 15, 20, 30, 45, 60, 75, 90, 120,
150, or 180 minutes, (xxiv) the length of the annealing step
(per PCR cycle) is between 5 and 180 minutes, such as 5 to
60, 10 to 60, 5 to 30, or 10 to 30 minutes, inclusive, (xxv)
the length of the annealing step is greater than 5 minutes
(such greater than 10, or 15 minutes), and the concentration
of each primer is less than 20 nM, (xxvi) the length of the
annealing step is greater than 5 minutes (such greater than
10, or 15 minutes), and the concentration of each primer is
between 1 to 20 nM, or 1 to 10 nM, inclusive; (xxvii) the
length of the annealing step is greater than 20 minutes (such
as greater than 30, 45, 60, or 90 minutes), and the concen-
tration of each primer is less than 1 nM; (xxviii) the
annealing temperature is at least 1, 2,3,4,5,6,7, 8, 9, 10,
11, 12, 13, or 15° C. greater than the melting temperature
(such as the empirically measured or calculated T,,) of the
primers; (xxix) the annealing temperature is between 1 and
15° C. (such as between 1 t0 10, 1 to 5, 1t0 3,3 t0 5, Sto
10,510 8,810 10, 10to 12, or 12 to 15° C., inclusive) greater
than the melting temperature (such as the empirically mea-
sured or calculated T,,) of the primers; (xxx) the annealing
temperature is at least 1, 2,3, 4, 5,6,7, 8,9, 10, 11, 12, 13,
or 15° C. greater than the highest melting temperature of the
primers; (xxxi) the annealing temperature is at least 1, 2, 3,
4,5,6,7,8,9,10, 11, 12, 13, or 15° C. greater than the
average melting temperature of the primers, (xxxii) the
annealing temperature is between 1 and 15° C. (such as
between 110 10, 1to 5,1t0 3,3 to 5, 5t0 10, 5to 8, 8 to
10, 10 to 12, or 12 to 15° C., inclusive) greater than the
average melting temperature of the primers; and (xxviii) any
combination thereof. In various embodiments, at least 80,
90, 95, 96, 97, 98, 99, 99.5, or 100% of the primers in the
library have one or more of the following properties: (i) AG
values for possible combinations of that primer with other
primers in the library are all equal to or greater than -20,
-18, -16, -14, -12, -10, -9, -8, -7, -6, -5, -4, -3, -2, or
-1 kecal/mol; (ii) AG values for the possible combination of
that primer with other primers in the library that have
negative AG are between -20 and 0 kcal/mol, such as
between —15 and 0 kcal/mol, =10 and 0 kcal/mol, -8 and 0
kcal/mol, =7 and 0 kcal/mol, -6 and 0 kcal/mol, =5.5 and 0
kcal/mol, -5 and 0 kcal/mol, -4.5 and 0 kcal/mol, -4 and 0
kcal/mol, -3.5 and 0 kcal/mol, -3 and 0 kcal/mol, -2.5 and
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0 kcal/mol, -2 and 0 kcal/mol, or -1.5 and 0 kcal/mol,
inclusive; (iii) the melting temperature (T,,) of the primers
is between 40 to 80° C., such as 50 to 70° C., 55 to 65° C.,
54 10 60.5° C., or 57 to 60.5° C., inclusive; (iv) the range of
melting temperature of the primers is less than 15, 10, 5, 3,
or 1° C.; (v) the range of melting temperature of the primers
is between 1 to 15° C., such as between 1 to 10° C., 1 to 5°
C,1t03°C.,2t05°C.,31t010°C.,or3to 5° C,, inclusive;
(vi) the length of the target amplicons is between 50 and 100
nucleotides, such as between 60 and 80 nucleotides, or 60 to
75 nucleotides; (vii) the length of the target amplicons is
between 30 and 400 nucleotides, such as between 30 and
200 nucleotides, or 100 and 400 nucleotides; (viii) the range
of the length of the target amplicons is less than 50, 25, 15,
10, or 5 nucleotides; (ix) the range of the length of the target
amplicons is between 5 to 50 nucleotides, such as 5 to 25
nucleotides, 5 to 15 nucleotides, or 5 to 10 nucleotides; (x)
the concentration of each primer is less than 100, 75, 50, 25,
20, 10, 5,2, 1, 0.5, 0.1, or 0.05 nM, or less than 500, 100,
10, or 1 uM; (xi) the concentration of each primer is between
1 uM to 100 nM, such as between 1 uM to 1 nM, 1 to 75 nM,
1t020nM, 1 to 10 nM, 2 to 50 nM, or 5 to 50 nM, inclusive;
(xii) the annealing temperature is at least 1, 2, 3, 4, 5, 6, 7,
8, 9, 10, 11, 12, 13, or 15° C. greater than the melting
temperature (such as the empirically measured or calculated
T,,) of the primers; (xiii) the annealing temperature is
between 1 and 15° C. (such as between 1 to 10, 1 to 5, 1 to
3,3105,51t010,5108,81t0 10,10 to 12, or 12to 15° C,,
inclusive) greater than the melting temperature (such as the
empirically measured or calculated T,,) of the primers; (xiv)
the annealing temperature is at least 1, 2,3, 4,5, 6,7, 8,9,
10, 11, 12, 13, or 15° C. greater than the highest melting
temperature of the primers; (xv) the annealing temperature
is at least 1, 2, 3,4, 5,6,7,8,9, 10, 11, 12, 13, or 15° C.
greater than the average melting temperature of the primers,
(xvi) the annealing temperature is between 1 and 15° C.
(such as between 110 10, 1t0 5,1t0 3,310 5, 5to 10, 5 to
8, 810 10, 10 to 12, or 12 to 15° C., inclusive) greater than
the average melting temperature of the primers; and (xvii)
any combination thereof.

[0305] Invarious embodiments, at least 80, 90, 95, 96, 97,
98, 99, 99.5, or 100% of the primers in the library have one
or more of the following properties: (i) AG values for
possible combinations of that primer with other primers in
the library are all equal to or greater than —10 kcal/mol, (ii)
the range of melting temperature of the primers is between
11to 15° C., (iii) the length of the target amplicons is between
50 and 100 nucleotides, (iv) the concentration of each primer
is less than 20 nM, (v) the length of the annealing step is
greater than 5 minutes (such as greater than 10 minutes), (vi)
the length of the annealing step is greater than 5 minutes
(such greater than 10 minutes), and the concentration of each
primer is less than 20 nM, and (vii) any combination thereof.
In various embodiments, at least 80, 90, 95, 96, 97, 98, 99,
99.5, or 100% of the primers in the library have the
following properties: (i) AG values for possible combina-
tions of that primer with other primers in the library are all
equal to or greater than —10 kcal/mol and (ii) the range of
melting temperature of the primers is between 1 to 15° C. In
various embodiments, at least 80, 90, 95, 96, 97, 98, 99,
99.5, or 100% of the primers in the library have the
following properties: (i) the length of the target amplicons is
between 50 and 100 nucleotides, and (ii) the concentration
of each primer is less than 20 nM. In various embodiments,
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at least 80, 90, 95, 96, 97, 98, 99, 99.5, or 100% of the
primers in the library have the following properties: (i) the
length of the target amplicons is between 50 and 100
nucleotides and (ii) the length of the annealing step is greater
than 5 minutes (such as greater than 10 minutes). In various
embodiments, at least 80, 90, 95, 96, 97, 98, 99, 99.5, or
100% of the primers in the library have the following
properties: (i) the length of the target amplicons is between
50 and 100 nucleotides, (ii) the length of the annealing step
is greater than 5 minutes (such greater than 10 minutes), and
(iii) the concentration of each primer is less than 20 nM, and
(vii) any combination thereof.

[0306] Invarious embodiments, at least 80, 90, 95, 96, 97,
98, 99, 99.5, or 100% of the primers in the library have one
or more of the following properties: (i) the annealing tem-
perature is at least 5° C. (such as at least 6, 8, or 10° C.)
greater than the melting temperature (such as the empirically
measured or calculated T,,) of the primers; (ii) the annealing
temperature is between 5 and 15° C., inclusive greater than
the melting temperature of the primers; (iii) the annealing
temperature is at least 5° C. (such as at least 6, 8, or 10° C.)
greater than the highest melting temperature of the primers;
(iv) the annealing temperature is at least 5° C. (such as at
least 6, 8, or 10° C.) greater than the average melting
temperature of the primers, (v) the annealing temperature is
between 4 and 15° C. inclusive greater than the average
melting temperature of the primers; and (vi) any combina-
tion thereof. In various embodiments, at least 80, 90, 95, 96,
97, 98, 99, 99.5, or 100% of the primers in the library have
one or more of the following properties: (i) the annealing
temperature is at least 5° C. (such as at least 6, 8, or 10° C.)
greater than the melting temperature (such as the empirically
measured or calculated T,,) of the primers and the length of
the annealing step is greater than 5 minutes (such greater
than 10 minutes); (ii) the annealing temperature is between
5 and 15° C., inclusive greater than the melting temperature
of the primers and the length of the annealing step is greater
than 5 minutes (such greater than 10 minutes); (iii) the
annealing temperature is at least 5° C. (such as at least 6, 8,
or 10° C.) greater than the highest melting temperature of the
primers and the length of the annealing step is greater than
5 minutes (such greater than 10 minutes); (iv) the annealing
temperature is at least 5° C. (such as at least 6, 8, or 10° C.)
greater than the average melting temperature of the primers
and the length of the annealing step is greater than 5 minutes
(such greater than 10 minutes), (v) the annealing tempera-
ture is between 4 and 15° C. inclusive greater than the
average melting temperature of the primers and the length of
the annealing step is greater than 5 minutes (such greater
than 10 minutes); and (vii) any combination thereof. In some
embodiments, the guanine-cytosine (GC) content of the
primers is between 30% and 80%, inclusive; the range of
melting temperatures of the primers is less than 5° C.; and
the length of the primers is between 15 to 75 nucleotides,
inclusive;

[0307] In some embodiments, some (such as at least 80,
90, or 95%) or all of the adaptors or primers include one or
more linkages between adjacent nucleotides other than a
naturally-occurring phosphodiester linkage. Examples of
such linkages include phosphoramide, phosphorothioate,
and phosphorodithioate linkages. In some embodiments,
some (such as at least 80, 90, or 95%) or all of the adaptors
or primers include a thiophosphate (such as a monothio-
phosphate) between the last 3' nucleotide and the second to
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last 3' nucleotide. In some embodiments, some (such as at
least 80, 90, or 95%) or all of the adaptors or primers include
a thiophosphate (such as a monothiophosphate) between the
last 2, 3, 4, or 5 nucleotides at the 3' end. In some embodi-
ments, some (such as at least 80, 90, or 95%) or all of the
adaptors or primers include a thiophosphate (such as a
monothiophosphate) between at least 1, 2, 3, 4, or 5 nucleo-
tides out of the last 10 nucleotides at the 3' end. In some
embodiments, such primers are less likely to be cleaved or
degraded, such primers may be desirable if a polymerase
with proof-reading ability is used (to reduce or prevent the
polymerase from removing nucleotides from the primers). In
some embodiments, any of the embodiments involving
primers with at least one linkage other than a naturally-
occurring phosphodiester linkage are used with a poly-
merase having proof-reader activity. In some embodiments,
the primers do not contain an enzyme cleavage site (such as
a protease cleavage site). In some embodiments, equal to or
greater than 1, 10, 25; 50; 75; 100; 300; 500; 750; 1,000;
2,000, 5,000, 7,500; 10,000, 15,000, 19,000; 20,000;
25,000; 27,000, 28,000; 30,000, 40,000; 50,000; 75,000; or
100,000 primers in the library are non-naturally occurring
nucleic acids (such nucleic acids with one or more linkages
between adjacent nucleotides other than a naturally-occur-
ring phosphodiester linkage).

[0308] In some embodiments, the primers have any com-
bination of two or more of the aspects or embodiments
disclosed herein.

[0309] These primer libraries can be used in any of the
methods of the invention.

[0310] Exemplary Primers

[0311] The primer design methods of the invention have
been used to generate several exemplary primer libraries to
human target loci. For example, the primer design methods
of'the invention were used to generate primer libraries. Each
of these libraries is composed of three primers per target
locus for 1,200; 2,686; or 10,984 different target loci,
respectively. The methods of the invention can also be used
to generate libraries to non-human target loci.

[0312] For an experiment using the 2,686-plex library for
multiplex PCR followed by sequencing, the percent of the
amplified products that were primer dimers was 11.13%, the
median depth of read per target that was amplified was
799.5% coverage, the percent of amplified products that were
target amplicons out of the amplified products that were not
primer dimers was 93.15% (this is the percent of on target
reads when reads for amplified primer dimers are ignored);
the number of target loci that were not amplified (failed
assay count) was 246; the percent of target loci that were not
amplified (failed assay percentage) was 9.16%; the percent
of target loci that were amplified was 90.84%; and the total
number of reads was 2,522,742. For this primer library, the
AG values for each possible combination of two primers
(each possible primer dimer) in the library are all equal to or
greater than —3.86 kcal/mol. This -3.86 kcal/mol value was
used as a threshold value to select candidate primers that all
had a value equal to or greater than (more desirable than)
this value from an initial library of candidate primers.
[0313] For an experiment using the 10,984-plex library for
multiplex PCR followed by sequencing, the percent of the
amplified products that were primer dimers was 5.50%, the
median depth of read per target that was amplified was
1,286.5x% coverage, the percent of amplified products that
were target amplicons out of the amplified products that
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were not primer dimers was 60.16% (this is the percent of
on target reads when reads for amplified primer dimers were
ignored); the number of target loci that were not amplified
(failed assay count) was 3,712; the percent of target loci that
were not amplified (failed assay percentage) was 33.79%;
the percent of target loci that were amplified was 66.21%;
and the total number of reads was 25,372,858.

[0314] For an experiment using the 1,200-plex library for
multiplex PCR of a sample of only a single cell followed by
sequencing, the percent of the amplified products that were
primer dimers was 24.13%. This library has primers to
human target loci on chromosome 1, chromosome 21, and
the X chromosome. For chromosomes 1 and 21, the median
depth of read per target that was amplified was 436x
coverage; the percent of target loci that were not amplified
(failed assay percentage) was 32.69%; and the percent of
target loci that were amplified was 67.31%. The total num-
ber of reads was 808,106.

[0315] The primer design methods of the invention were
also used to generate a library for 11,000 different target loci
(such as amplifying 10,732 different target human loci using
10,732 different primer pairs). For an experiment using this
library for multiplex PCR followed by sequencing, the
percent of the amplified products that were primer dimers
was 14.75%, the median depth of read per target that was
amplified was 72.27x coverage, the percent of the amplified
products that were target amplicons was 84.32%; the num-
ber of target loci that were not amplified (failed assay count)
was 118; the percent of target loci that were not amplified
(failed assay percentage) was 1.10%; the percent of target
loci that were amplified was 98.9%; and the total number of
reads was 6,345,782. For this primer library, the AG values
for each possible combination of two primers (each possible
primer dimer) in the library are all equal to or greater than
—-4.28 kcal/mol. This -4.28 kcal/mol value was used as a
threshold value to select candidate primer that all had a value
equal to or greater than (more desirable than) this value from
an initial library of candidate primers. For the initial candi-
date primers that were used to select primers for this library,
the following interaction cost histogram shows the number
of candidate primers for each of the following ranges of AG
values. This illustrates how the values for the candidate
primers compares to the —4.28 kcal/mol threshold value for
the final library.

0 to —0.497 kcal/mol: 88357

-0.497 to —-0.993 kcal/mol: 30529

-0.993 to -1.49 kcal/mol: 7862

-1.49 to -1.99 kcal/mol: 2639

-1.99 to -2.48 kcal/mol: 1086

-2.48 to -2.98 kcal/mol: 393

-2.98 to -3.48 kcal/mol: 148

-3.48 to -3.97 kcal/mol: 58

-3.97 to -4.47 kcal/mol: 18

-4.47 to -4.97 kcal/mol: 4

-4.97 to -5.46 kcal/mol: 3

-5.46 to -5.96 kcal/mol: 0

-5.96 to —6.46 kcal/mol: 2

-6.46 to -6.95 kcal/mol: 3

[0316] The primer design methods of the invention were
also used to generate a library for ~14,000 different target
loci (such as amplify 13,392 different target human loci with
13,392 different primer pairs). For an experiment using this
library for multiplex PCR followed by sequencing, the
percent of the amplified products that were primer dimers
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was 0.56%, the median depth of read per target that was
amplified was 69.09x coverage, the percent of the amplified
products that were target amplicons was 99.42%; the num-
ber of target loci that were not amplified (failed assay count)
was 44; the percent of target loci that were not amplified
(failed assay percentage) was 0.33%; the percent of target
loci that were amplified was 99.67%; and the total number
of reads was 7,772,454.

[0317] The primer design methods of the invention were
also used to generate a library composed of three primers per
target locus for 19,488 different target loci. Examples 15, 18,
and 19 describe the use of this library. During the PCR
amplification and sequencing of a genomic sample, 99.4-
99.7% of the sequencing reads mapped to the genome, of
those, 99.99% of the reads mapped to target loci. For plasma
samples with 10 million sequencing reads, typically at least
19,350 of the 19,488 target loci (99.3%) were amplified and
sequenced. For another experiment, the percent of the ampli-
fied products that were primer dimers was 1.62%, the
median depth of read per target that was amplified was 30x
coverage; the percent of the amplified products that were
target amplicons was 98.15%; the number of target loci that
were not amplified (failed assay count) was 736; the percent
of target loci that were not amplified (failed assay percent-
age) was 0.56%; the percent of target loci that were ampli-
fied was 99.44%; and the total number of reads was 6,476,
975. For this 19,488-plex library, FIG. 34 is a table of the
percentage of reads that map to target loci for genomic DNA
samples and for samples of a single cell from a cell line for
both mother and child samples using this primer library.
There was variability in the single cell data which may have
resulted from some dead cells being selected, which may
have had most of the DNA leaked out. FIG. 35 is an overlay
of depth of read for genomic and a single cell sample for
different SNPs. FIG. 36 is a table of the percentage of reads
that map to target loci for blastoceol fluid and for a single
blastocyst cell. The blastoceol fluid produced no mapped
reads, possibly due to no DNA being detected. For a single
blastocyst, 50-80% of the reads mapped to target loci. FIG.
37 is a graph of reference counts (counts of one allele, such
as the “A” allele) divided by total counts for that locus for
a single blastocyst cell. For this primer library, the AG values
for each possible combination of two primers (each possible
primer dimer) in the library are all equal to or greater than
-3.86 kecal/mol. This -3.86 kcal/mol value was used as a
threshold value to select candidate primer that all had a value
equal to or greater than (more desirable than) this value from
an initial library of candidate primers.

[0318] The primer design methods of the invention were
used to generate a library for ~28,000 different target loci
(such as amplifying 27,744 different loci with 27,744 dif-
ferent primer pairs).

[0319] For multiplex PCR and sequencing of genomic
DNA samples, 99% of the sequencing reads mapped to
target loci. The number of different target human loci that
were amplified was 23,776.

[0320] For an experiment using this library, the percent of
the amplified products that were primer dimers was 0.63%,
the median depth of read per target that was amplified was
20x coverage, the percent of the amplified products that
were target amplicons was 99.33%; the number of target loci
that were not amplified (failed assay count) was 3,968; the
percent of target loci that were not amplified (failed assay
percentage) was 14.29%; the percent of target loci that were
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amplified was 85.71%; and the total number of reads was
4,456,636. For a single cell from a cell line, between 2 and
8% of the reads mapped to target loci.

[0321] The primer design methods of the invention were
used to generate a library for ~9,600 different target loci. As
described in Example 10, 7.6 million (97%) of reads mapped
to the genome, and 6.3 million (80%) of the reads mapped
to the targeted SNPs. The average depth of read was 751,
and the median depth of read was 396. As described in
Example 9, another experiment produced 3.7 million reads
mapping to the genome (94%), and of those, 2.9 million
reads (74%) mapped to targeted SNPs with an average depth
of read of 344 and a median depth of read of 255.

[0322] The primer design methods of the invention were
used to generate a library for ~2,400 different target loci. As
described in Example 12, when four portions were each
amplified with ~2,400 primers, 4.5 million reads mapped to
targeted SNPs, the average depth of read was 535 and the
median depth of read was 412.

[0323] If desired, any of the results may be improved by
increasing the number of cells or the amount of nucleic acid
template used for the analysis or by optimizing the condi-
tions. For example, if results from single cell samples are not
as good as desired for a particular application, a sample with
more cells or more nucleic acids may be used instead (such
as to decrease the percentage of primer dimers, increase the
percentage of target amplicons, or increase the percentage of
target loci that are amplified). Samples with more nucleic
acids have more template molecules for the primers to bind
(instead of primers binding each other and forming primer
dimers).

[0324] These primer libraries or primer pools can be used
in any of the PCR methods of the invention. In some
embodiments, primers from any of the primer pools are used
in combination with a universal primer to amplify the target
loci. In some embodiments, multiple rounds of PCR are
performed in which each round of PCR uses primers from
one of the primer pools and a universal primer. In some
embodiments, primers from two of the primer pools are used
to amplify the target loci. In some embodiments, multiple
rounds of PCR are performed. In some embodiments, prim-
ers from pools C and B are used for the first round of PCR
and then primers from pools A and C are used for the second
of PCR. In some embodiments, primers from pools C and B
are used for the first round of PCR and then primers from
pools A and B are used for the second of PCR.

[0325] In some embodiments, a region that is not specific
for a target locus (such as a tag, bar code, or universal
binding site) is added to one or more primers of the
invention. In various embodiments, the nonspecific region is
added to the 5' end of the primer, to the 3' end of the primer,
or to an internal region of the primer. In some embodiments,
the primers are fragments (such as fragments of at least 10,
20, 30, 40, 50 or more contiguous nucleotides that are less
than full-length).

[0326] In some embodiments, the invention provides a
library of primers that includes at least 10; 20; 50; 75; 100;
300; 500; 750, 1,000, 2,000; 5,000; 7,500; 10,000, 15,000,
20,000; 25,000; 30,000; 40,000; or 50,000 different primers.
In some embodiments, the invention provides a library of
primers that includes at least 10; 20; 50; 75; 100; 300; 500;
750; 1,000; 2,000; 5,000, 7,500; 10,000; 15,000; 20,000,
25,000; 30,000; 40,000; or 50,000 different primers.
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[0327] Percent identity in reference to nucleic acid
sequences refers to the degree of sequence identity between
nucleic acid sequences. Percent identity can be determined
in various ways that are within the skill in the art, for
instance, using publicly available computer software with
the default parameters such as Smith Waterman Alignment
(Smith and Waterman J. Mol. Biol. 147:195-7, 1981); “Best-
Fit” (Smith and Waterman, Advances in Applied Mathemat-
ics, 482-489, 1981); Basic Local Alignment Search Tool
(BLAST, Altschul, S. F., W. Gish, et al., J. Mol. Biol. 215:
403-410, 1990; available through the U.S. government’s
National Center for Biotechnology Information web site at
the world wide web at ncbinlm.nih.gov), BLAST-2,
BLAST-N, WU-BLAST, WU-BLAST-2, ENTREZ (avail-
able through the National Center for Biotechnology Infor-
mation), CLUSTALW, CLUSTAL Omega, or Megalign
(DNASTAR, Inc.

[0328] Madison, Wis.) software. In addition, those skilled
in the art can determine appropriate parameters for measur-
ing alignment, including any algorithms needed to achieve
maximal alignment over the length of the sequences being
compared. In general, the length of comparison will gener-
ally be at least 20, 30, 40, 45, 50, or more nucleotides.

[0329] In some embodiments, percent identity is calcu-
lated by determining the number of matched positions in
aligned nucleic acid sequences, dividing the number of
matched positions by the total number of aligned nucleo-
tides, and multiplying by 100. A matched position refers to
a position in which identical nucleotides occur at the same
position in aligned nucleic acid sequences. The percent
identity over a particular length is determined by counting
the number of matched positions over that length and
dividing that number by the length followed by multiplying
the resulting value by 100. For example, if (i) a 500-
nucleotide nucleic acid target sequence is compared to a
subject nucleic acid sequence, (ii) an alignment program
presents 200 nucleotides from the target sequence aligned
with a region of the subject sequence where the first and last
nucleotides of that 200-nucleotide region are matches, and
(iii) the number of matches over those 200 aligned nucleo-
tides is 180, then the 500-nucleotide nucleic acid target
sequence contains a length of 200 and a sequence identity
over that length of 90% (i.e., 180, 200x100=90).

[0330] Hybridization conditions resulting in a particular
degree of stringency will vary depending upon the nature of
the hybridization method and the composition and length of
the hybridizing nucleic acid sequences. Generally, the tem-
perature of hybridization and the ionic strength (such as the
Na* concentration) of the hybridization buffer will deter-
mine the stringency of hybridization. Calculations regarding
hybridization conditions for attaining particular degrees of
stringency are discussed in Sambrook et al., (1989) Molecu-
lar Cloning, second edition, Cold Spring Harbor Laboratory,
Plainview, N.Y. (chapters 9 and 11); Nucleic Acid Hybrid-
ization, A Practical Approach, Ed. Hames, B. D. and Hig-
gins, S. J., IRL Press, 1985; Ausubel et al. Current Protocols
in Molecular Biology, Wiley, New York 1994; and U.S. Pat.
No. 8,357,488, filed May 16, 2008. In some embodiments,
very high stringency hybridization conditions includes an
overnight incubation at 42° C. in a solution comprising 50%
formamide, 5xSSC (750 mM NaCl, 75 mM trisodium
citrate), 50 mM sodium phosphate (pH 7.6), SxDenhardt’s
solution, 10% dextran sulfate, and 20 pg/ml denatured,
sheared salmon sperm DNA, followed by washing the filters
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in 0.1xSSC at about 65° C. The following is an exemplary
set of hybridization conditions and is not limiting:

Very High Stringency (Detects Sequences that Share at
Least 90% Identity)

[0331] Hybridization: 5xSSC at 65° C. for 16 hours
[0332] Wash twice: 2xSSC at room temperature for 15
minutes each

[0333] Wash twice: 0.5xSSC at 65° C. for 20 minutes each
High Stringency (Detects Sequences that Share at Least 80%
Identity)

[0334] Hybridization: 5x-6xSSC at 65° C.-70° C. for
16-20 hours

[0335] Wash twice: 2xSSC at room temperature for 5-20
minutes each

[0336] Wash twice: 1xSSC at 55° C.-70° C. for 30 minutes
each

Low Stringency (Detects Sequences that Share at Least 50%
Identity)

[0337] Hybridization: 6xSSC at room temperature to 55°

C. for 16-20 hours

[0338] Wash at least twice: 2x-3xSSC at room tempera-
ture to 55° C. for 20-30 minutes each

[0339] These primers can be used in any of the primer
libraries or methods of the invention.

Exemplary Primer Libraries for Detection of Recombination

[0340] In some embodiments, primers in the primer
library are designed to determine whether or not recombi-
nation occurred at one or more known recombination
hotspots (such as crossovers between homologous human
chromosomes). Knowing what crossovers occurred between
chromosomes allows more accurate phased genetic data to
be determined for an individual. Recombination hotspots are
local regions of chromosomes in which recombination
events tend to be concentrated. Often they are flanked by
“coldspots,” regions of lower than average frequency of
recombination. Recombination hotspots tend to share a
similar morphology and are approximately 1 to 2 kb in
length. The hotspot distribution is positively correlated with
GC content and repetitive element distribution. A partially
degenerated 13-mer motif CCNCCNTNNCCNC plays a
role in some hotspot activity. It has been shown that the zinc
finger protein called PRDM9 binds to this motif and initiates
recombination at its location. The average distance between
the centers of recombination hot spots is reported to be 80
kb. In some embodiments, the distance between the centers
of recombination hot spots ranges between 3 kb to 100 kb.
Public databases include a large number of known human
recombination hotspots, such as the HUMHOT and Inter-
national HapMap Project databases (see, for example, Nis-
hant et al., “HUMHOT: a database of human meiotic recom-
bination hot spots,” Nucleic Acids Research, 34: D25-D28,
2006, Database issue; Mackiewicz et al., “Distribution of
Recombination Hotspots in the Human Genome—A Com-
parison of Computer Simulations with Real Data” PLoS
ONE 8(6): 65272, doi:10.1371/journal.pone.0065272; and
the world wide web at hapmap.ncbi.nlm.nih.gov/downloads/
index.html.en, which are each hereby incorporated by ref-
erence in its entirety).

[0341] In some embodiments, primers in the primer
library are clustered at or near recombination hotspots (such
as known human recombination hotspots). In some embodi-
ments, the corresponding amplicons are used to determine
the sequence within or near a recombination hotspot to
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determine whether or not recombination occurred at that
particular hotspot (such as whether the sequence of the
amplicon is the sequence expected if a recombination had
occurred or the sequence expected if a recombination had
not occurred). In some embodiments, primers are designed
to amplify part or all of a recombination hotspot (and
optionally sequence flanking a recombination hotspot). In
some embodiments, long read sequencing (such as sequenc-
ing using the Moleculo Technology developed by Illumina
to sequence up to 10 kb) or paired end sequencing is used to
sequence part or all of a recombination hotspot. Knowledge
of whether or not a recombination event occurred can be
used to determine which haplotype blocks flank the hotspot.
If desired, the presence of particular haplotype blocks can be
confirmed using primers specific to regions within the
haplotype blocks. In some embodiments, it is assumed there
are no crossovers between known recombination hotspots.
In some embodiments, primers in the primer library are
clustered at or near the ends of chromosomes. For example,
such primers can be used to determine whether or not a
particular arm or section at the end of a chromosome is
present. In some embodiments, primers in the primer library
are clustered at or near recombination hotspots and at or near
the ends of chromosomes.

[0342] In some embodiments, the primer library includes
one or more primers (such as at least 5; 10; 50; 100; 200;
500; 750, 1,000; 2,000; 5,000, 7,500; 10,000; 20,000,
25,000; 30,000; 40,000; or 50,000 different primers or
different primer pairs) that are specific for a recombination
hotspot (such as a known human recombination hotspot)
and/or are specific for a region near a recombination hotspot
(such as within 10, 8, 5, 3, 2, 1, or 0.5 kb of the 5' or 3' end
of a recombination hotspot). In some embodiments, at least
1, 5, 10, 20, 40, 60, 80, 100, or 150 different primer (or
primer pairs) are specific for the same recombination
hotspot, or are specific for the same recombination hotspot
or a region near the recombination hotspot. In some embodi-
ments, at least 1, 5, 10, 20, 40, 60, 80, 100, or 150 different
primer (or primer pairs) are specific for a region between
recombination hotspots (such as a region unlikely to have
undergone recombination); these primers can be used to
confirm the presence of haplotype blocks (such as those that
would be expected depending on whether or not recombi-
nation has occurred). In some embodiments, at least 10, 20,
30, 40, 50, 60, 70, 80, or 90% of the primers in the primer
library are specific for a recombination hotspot and/or are
specific for a region near a recombination hotspot (such as
within 10, 8, 5, 3, 2, 1, or 0.5 kb of the 5' or 3' end of the
recombination hotspot). In some embodiments, the primer
library is used to determine whether or not recombination
has occurred at greater than or equal to 5; 10; 50; 100; 200;
500; 750, 1,000; 2,000; 5,000, 7,500; 10,000; 20,000,
25,000, 30,000, 40,000; or 50,000 different recombination
hotspots (such as known human recombination hotspots). In
some embodiments, the regions targeted by primers to a
recombination hotspot or nearby region are approximately
evenly spread out along that portion of the genome. In some
embodiments, at least 1, 5, 10, 20, 40, 60, 80, 100, or 150
different primer (or primer pairs) are specific for the a region
at or near the end of a chromosome (such as a region within
20, 10, 5, 1, 0.5, 0.1, 0.01, or 0.001 mb from the end of a
chromosome). In some embodiments, at least 10, 20, 30, 40,
50, 60, 70, 80, or 90% of the primers in the primer library
are specific for the a region at or near the end of a
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chromosome (such as a region within 20, 10, 5, 1, 0.5, 0.1,
0.01, or 0.001 mb from the end of a chromosome). In some
embodiments, at least 1, 5, 10, 20, 40, 60, 80, 100, or 150
different primer (or primer pairs) are specific for a region
within a potential microdeletion in a chromosome. In some
embodiments, at least 10, 20, 30, 40, 50, 60, 70, 80, or 90%
of the primers in the primer library are specific for a region
within a potential microdeletion in a chromosome. In some
embodiments, at least 10, 20, 30, 40, 50, 60, 70, 80, or 90%
of the primers in the primer library are specific for a
recombination hotspot, a region near a recombination
hotspot, a region at or near the end of a chromosome, or a
region within a potential microdeletion in a chromosome. In
some embodiments, the primers have one or more of the
properties described herein. Other embodiments are dis-
closed in U.S. Ser. No. 61/987,407, filed May 1, 2014 and
62/066,514, filed Oct. 21, 2014.

Exemplary Kits

[0343] In one aspect, the invention features a kit, such as
a kit for amplifying target loci in a nucleic acid sample for
detecting deletions and/or duplications of chromosome seg-
ments or entire chromosomes using any of the methods
described herein). In some embodiments, the kit can include
any of the primer libraries of the invention. In an embodi-
ment, the kit comprises a plurality of inner forward primers
and optionally a plurality of inner reverse primers, and
optionally outer forward primers and outer reverse primers,
where each of the primers is designed to hybridize to the
region of DNA immediately upstream and/or downstream
from one of the target sites (e.g., polymorphic sites) on the
target chromosome(s) or chromosome segment(s), and
optionally additional chromosomes or chromosome seg-
ments. In some embodiments, the kit includes instructions
for using the primer library to amplify the target loci, such
as for detecting one or more deletions and/or duplications of
one or more chromosome segments or entire chromosomes
using any of the methods described herein.

[0344] In certain embodiments, kits of the invention pro-
vide primer pairs for detecting chromosomal aneuploidy and
CNV determination, such as primer pairs for massively
multiplex reactions for detecting chromosomal aneuploidy
such as CNV (CoNVERGe) (Copy Number Variant Events
Revealed Genotypically) and/or SNVs. In these embodi-
ments, the kits can include between at least 100, 200, 250,
300, 500, 1000, 2000, 2500, 3000, 5000, 10,000, 20,000,
25,000, 28,000, 50,000, or 75,000 and at most 200, 250, 300,
500, 1000, 2000, 2500, 3000, 5000, 10,000, 20,000, 25,000,
28,000, 50,000, 75,000, or 100,000 primer pairs that are
shipped together. The primer pairs can be contained in a
single vessel, such as a single tube or box, or multiple tubes
or boxes. In certain embodiments, the primer pairs are
pre-qualified by a commercial provider and sold together,
and in other embodiments, a customer selects custom gene
targets and/or primers and a commercial provider makes and
ships the primer pool to the customer neither in one tube or
a plurality of tubes. In certain exemplary embodiments, the
kits include primers for detecting both CNVs and SNVs,
especially CNVs and SNVs known to be correlated to at
least one type of cancer.

[0345] Kits for circulating DNA detection according to
some embodiments of the present invention, include stan-
dards and/or controls for circulating DNA detection. For
example, in certain embodiments, the standards and/or con-
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trols are sold and optionally shipped and packaged together
with primers used to perform the amplification reactions
provided herein, such as primers for performing CoN-
VERGe. In certain embodiments, the controls include poly-
nucleotides such as DNA, including isolated genomic DNA
that exhibits one or more chromosomal aneuploidies such as
CNV and/or includes one or more SNVs. In certain embodi-
ments, the standards and/or controls are called PlasmArt
standards and include polynucleotides having sequence
identity to regions of the genome known to exhibit CNV,
especially in certain inherited diseases, and in certain disease
states such as cancer, as well as a size distribution that
reflects that of cfDNA fragments naturally found in plasma.
Exemplary methods for making PlasmArt standards are
provided in the examples herein. In general, genomic DNA
from a source known to include a chromosomal aneuoploidy
is isolated, fragmented, purified and size selected.

[0346] Accordingly, artificial cfDNA polynucleotide stan-
dards and/or controls can be made by spiking isolated
polynucleotide samples prepared as summarized above, into
DNA samples known not to exhibit a chromosomal aneu-
ploidy and/or SNVs, at concentrations similar to those
observed for cfDNA in vivo, such as between, for example,
0.01% and 20%, 0.1 and 15%, or 0.4 and 10% of DNA in
that fluid. These standards/controls can be used as controls
for assay design, characterization, development, and/or vali-
dation, and as quality control standards during testing, such
as cancer testing performed in a CLIA lab and/or as stan-
dards included in research use only or diagnostic test kits.

Exemplary Amplicons

[0347] Inone aspect, the invention provides a composition
comprising at least 100 different amplicons (e.g., at least
300, 500; 750; 1,000; 2,000, 5,000; 7,500; 10,000; 15,000
19,000, 20,000; 25,000, 27,000; 28,000; 30,000; 40,000,
50,000; 75,000; or 100,000 non-identical amplicons) in
solution in one reaction volume. In some embodiments, the
amplicons are produced from the simultaneous PCR ampli-
fication of at least 100 different target loci (e.g., at least 300;
500; 750, 1,000; 2,000; 5,000, 7,500; 10,000; 15,000,
19,000, 20,000; 25,000, 27,000; 28,000; 30,000; 40,000,
50,000; 75,000; or 100,000 non-identical target loci) using at
least 100 different primers or primer pairs (e.g., at least 300;
500; 750, 1,000; 2,000; 5,000, 7,500; 10,000; 15,000,
19,000, 20,000; 25,000, 27,000; 28,000; 30,000; 40,000,
50,000; 75,000; or 100,000 non-identical primers or primer
pairs) in one reaction volume. In some embodiments, (i) less
than 60% of the amplified products are primer dimers and at
least 40% of the amplified products are target amplicons, (ii)
less than 40% of the amplified products are primer dimers
and at least 60% of the amplified products are target ampli-
cons, (iii) less than 20% of the amplified products are primer
dimers and at least 80% of the amplified products are target
amplicons, (iv) less than 10% of the amplified products are
primer dimers and at least 90% of the amplified products are
target amplicons, or (v) less than 5% of the amplified
products are primer dimers and at least 95% of the amplified
products are target amplicons. In some embodiments, the
length of the target amplicons is between 50 and 100
nucleotides, such as between 60 and 80 nucleotides, or 60 to
75 nucleotides, inclusive. In some embodiments, the range
of the length of the target amplicons is less than 50, 25, 15,
10, or 5 nucleotides. In some embodiments, the range of the
length of the target amplicons is between 5 to 50 nucleotides,
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such as 5 to 25 nucleotides, 5 to 15 nucleotides, or 5 to 10
nucleotides, inclusive. In some embodiments, the composi-
tion includes at least 1,000 different amplicons in solution in
one reaction volume; wherein the amplicons are produced
from the simultaneous PCR amplification of at least 1,000
different target human loci using at least 1,000 different
primers in one reaction volume; wherein (i) less than 20% of
the amplicons are primer dimers, and (ii) at least 80% of the
amplicons comprise one of the target human loci and are
between 50 and 100 nucleotides in length, inclusive. In some
embodiments, the composition consists essentially of, or
consists of one or more of the following: amplicons, primers
(such as any of the primers disclosed herein), free nucleotide
(s), non-human or non-naturally occurring enzyme(s), buffer
(s), or any combination thereof.

[0348] In some embodiments, a large percentage or sub-
stantially all of the primers used for the multiplex PCR
method are consumed during the PCR reaction or are
removed from the reaction volume after the PCR amplifi-
cation. In some embodiments, at least 80, 90, 92, 94, 96, 98,
99, or 100% of the primer molecules are extended to form
amplified products. In some embodiments, for at least 80,
90, 92, 94, 96, 98, 99, or 100% of target loci, at least 80, 90,
92, 94, 96, 98, 99, or 100% of the primer molecules to that
target loci are extended to form amplified products. In some
embodiments, multiple cycles are performed until all or
substantially all of the primers are consumed. If desired, a
higher percentage of the primers can be consumed by
decreasing the initial primer concentration and/or increasing
the number of PCR cycles that are performed. In some
embodiments, at least 80, 90, 95, 96, 97, 98, 99, or 100% of
the nucleic acids in the composition are amplicons (instead
of unextended dimers).

[0349] Inone aspect, the invention provides a composition
comprising at least 100 different primers or primer pairs
(e.g., at least 25; 50; 75; 100; 300; 500; 750; 1,000; 2,000,
5,000; 7,500; 10,000; 15,000; 19,000; 20,000; 25,000,
27,000; 28,000; 30,000; 40,000, 50,000; 75,000; or 100,000
non-identical primers or primer pairs) and at least 100
different amplicons (e.g., at least 300, 500; 750; 1,000;
2,000, 5,000, 7,500; 10,000, 15,000, 19,000; 20,000;
25,000; 27,000, 28,000; 30,000, 40,000; 50,000; 75,000; or
100,000 non-identical amplicons) in solution in one reaction
volume. In some embodiments, the amplicons are produced
from the simultaneous PCR amplification of at least 100
different target loci (e.g., at least 25; 50; 75; 100; 300; 500;
750; 1,000; 2,000; 5,000; 7,500; 10,000; 15,000; 19,000;
20,000; 25,000, 27,000; 28,000; 30,000; 40,000; 50,000;
75,000; or 100,000 non-identical target loci) using the
primers or primer pairs in one reaction volume. In some
embodiments, (i) less than 60% of the amplified products are
primer dimers and at least 40% of the amplified products are
target amplicons, (ii) less than 40% of the amplified products
are primer dimers and at least 60% of the amplified products
are target amplicons, (iii) less than 20% of the amplified
products are primer dimers and at least 80% of the amplified
products are target amplicons, (iv) less than 10% of the
amplified products are primer dimers and at least 90% of the
amplified products are target amplicons, or (v) less than 5%
of the amplified products are primer dimers and at least 95%
of the amplified products are target amplicons. In some
embodiments, the length of the target amplicons is between
50 and 100 nucleotides, such as between 60 and 80 nucleo-
tides, or 60 to 75 nucleotides, inclusive. In some embodi-
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ments, the range of the length of the target amplicons is less
than 50, 25, 15, 10, or 5 nucleotides. In some embodiments,
the range of the length of the target amplicons is between 5
to 50 nucleotides, such as 5 to 25 nucleotides, 5 to 15
nucleotides, or 5 to 10 nucleotides, inclusive. In some
embodiments, the composition comprising at least 1,000
different primers and at least 1,000 different amplicons in
solution in one reaction volume; wherein the amplicons are
produced from the simultaneous PCR amplification of at
least 1,000 different target human loci with the primers in
one reaction volume; wherein (i) less than 20% of the
amplicons are primer dimers, and (i) at least 80% of the
amplicons comprise one of the target loci and are between
50 and 100 nucleotides in length, inclusive. In some embodi-
ments, the composition consists essentially of, or consists of
one or more of the following: amplicons, primers (such as
any of the primers disclosed herein), free nucleotide(s),
non-human or non-naturally occurring enzyme(s), buffer(s),
or any combination thereof.

[0350] In some embodiments, the amplification of differ-
ent target loci is substantially uniform. In some embodi-
ments, target loci (such as nonpolymorphic target loci or
polymorphic target loci that are amplified regardless of what
allele is present at the polymorphic site) that were present in
the same amount (or substantially the same amount) in the
initial unamplified sample are also present in substantially
the same amount in the PCR-amplified products. In some
embodiments, for at least 25; 50; 75; 100; 300; 500; 750,
1,000; 2,000, 5,000, 7,500; 10,000; 15,000; 19,000, 20,000;
25,000; 27,000, 28,000; 30,000, 40,000; 50,000; 75,000; or
100,000 different targets, the target loci that is amplified the
most out of these targets (which can be all of the targets or
a subset of the targets for a library) is amplified less than
2,000; 1,500; 1,000; 500, 400, 300, 200, 100%, 50, 20, 10,
5, or 2% more than the target loci that is amplified the least
out of these targets. In some embodiments, for at least 25;
50; 75; 100; 300; 500; 750; 1,000; 2,000; 5,000; 7,500,
10,000; 15,000; 19,000; 20,000; 25,000; 27,000; 28,000;
30,000; 40,000; 50,000; 75,000; or 100,000 different target
amplicons, the target amplicon in greatest abundance out of
these target amplicons (which can be all of the target
amplicons or a subset of the target amplicons produced by
a library) is present in an amount that is less than 2,000;
1,500; 1,000, 500, 400, 300, 200, 100%, 50, 20, 10, 5, or 2%
more than the target amplicon in least abundance out of
these target amplicons. In some embodiments, at least 25;
50; 75; 100; 300; 500; 750; 1,000; 2,000; 5,000; 7,500,
10,000; 15,000; 19,000; 20,000; 25,000; 27,000; 28,000;
30,000; 40,000; 50,000; 75,000; or 100,000 different target
amplicons are present in an amount that is at least 5, 10, 15,
20, 40, 50, 60, 70, 80, or 90% of the amount of the target
amplicon in greatest abundance. In some embodiments, for
at least 25; 50; 75; 100; 300; 500; 750; 1,000; 2,000, 5,000,
7,500; 10,000; 15,000; 19,000; 20,000; 25,000; 27,000;
28,000; 30,000, 40,000; 50,000; 75,000; or 100,000 different
amplicons that are produced by multiplex PCR and then
sequenced, at least 80, 90, 95, 96, 97, 98, 99, or 99.5% of the
target amplicons produce a number of sequencing reads
within 20, 30, 50, or 80% above or below the mean number
of sequences for target amplicons. If desired, the uniformity
can be increased by using primers with more similar primer
lengths, target amplicon lengths, GC contents, melting tem-
peratures, or any combination thereof. In some embodi-
ments, the uniformity can be increased by using TMAC in
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the reaction volume during amplification. In some embodi-
ments, having most or all the primers consumed in the PCR
reaction increases the uniformity of amplification.

[0351] If desired, the uniformity in DOR can be measured
using standard methods such as depth of read slope (DOR
slope), normalized median depth of read (nmDOR), or
breadth of read (BOR). DOR slope represents the slope of
the line in the linear portion of a list of loci sorted in
descending DOR order. Closer to zero is better, as it repre-
sents a flat line. In some embodiments, the uniformity in
DOR can be measured using the Percent of reads in the
90'-95” Percentile. For this measurement, the loci are sorted
in descending DOR order. In the ideal DOR distribution, the
90-95 percentile should contain 5% of reads. The reads of all
loci between the 90? Percentile and 95% percentile are
counted and divided by the total reads for all loci. In one
experiment, the DOR slope versus percent of reads in the
907-95" percentile for all samples had an R*>=0.81.

[0352] In some embodiments, the magnitude of the DOR
slope is less than 0.005, 0.001, 0.0005, 0.0001, 0.00005,
0.00001, 0.000005, or 0.000001. In some embodiments, the
magnitude of the DOR slope is between 0 and 0.005, such
as 0.000001 to 0.005, such as between 0.000005 to 0.00001,
0.00001 to 0.00005, 0.00005 to 0.0001, 0.0001 to 0.0005,
0.0005 to 0.001, or 0.001 to 0.005, inclusive. In some
embodiments, the percent of reads in the 90”-95% percentile
is between 0.2 and 9%, such as between 1 to 8%, 2 to 7%,
0.2 to 1.0%, 1 to 2%, 2 to 3%, 2 to 4%, 3 to 4%, 4 to 5%,
5 to 6%, or 6 to 8%, or 7 to 9& inclusive. In some
embodiments, the invention features a composition com-
prising at least 100 different amplicons (e.g., at least 300,
500; 750; 1,000; 2,000; 5,000; 7,500; 10,000; 15,000,
19,000, 20,000; 25,000; 27,000; 28,000; 30,000; 40,000,
50,000; 75,000; or 100,000 non-identical amplicons) with
the magnitude of the DOR slope in any of these ranges or
with a percent of reads in the 90”-95” percentile in any of
these ranges. In some embodiments, the amplification
method produces at least 100 different amplicons (e.g., at
least 300, 500; 750; 1,000; 2,000; 5,000; 7,500; 10,000
15,000, 19,000; 20,000; 25,000; 27,000; 28,000; 30,000
40,000; 50,000; 75,000; or 100,000 non-identical ampli-
cons) with the magnitude of the DOR slope in any of these
ranges or with a percent of reads in the 90”-95% percentile
in any of these ranges.

Exemplary Multiplex PCR Methods

[0353] In one aspect, the invention features methods of
amplifying target loci in a nucleic acid sample that involve
(1) contacting the nucleic acid sample with a library of
primers that simultaneously hybridize to least 1,000; 2,000;
5,000, 7,500; 10,000; 15,000; 19,000; 20,000; 25,000,
27,0005 28,000; 30,000, 40,000, 50,000; 75,000; or 100,000
different target loci to produce a reaction mixture; and (ii)
subjecting the reaction mixture to primer extension reaction
conditions (such as PCR conditions) to produce amplified
products that include target amplicons. In some embodi-
ments, the method also includes determining the presence or
absence of at least one target amplicon (such as at least 50,
60, 70, 80, 90, 95, 96, 97, 98, 99, or 99.5% of the target
amplicons). In some embodiments, the method also includes
determining the sequence of at least one target amplicon
(such as at least 50, 60, 70, 80, 90, 95, 96, 97, 98, 99, or
99.5% of the target amplicons). In some embodiments, at
least 50, 60, 70, 80, 90, 95, 96, 97, 98, 99, or 99.5% of the
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target loci are amplified. In some embodiments, at least 25;
50, 75; 100; 300; 500; 750; 1,000; 2,000; 5,000; 7,500,
10,000; 15,000; 19,000; 20,000; 25,000; 27,000; 28,000
30,000; 40,000; 50,000; 75,000; or 100,000 different target
loci are amplified at least 5, 10, 20, 40, 50, 60, 80, 100, 120,
150, 200, 300, or 400-fold. In some embodiments, at least
50, 60, 70, 80, 90, 95, 96, 97, 98, 99, 99.5, or 100% of the
target loci are amplified at least 5, 10, 20, 40, 50, 60, 80, 100,
120, 150, 200, 300, or 400-fold. In various embodiments,
less than 60, 50, 40, 30, 20, 10, 5, 4,3, 2, 1, 0.5, 0.25, 0.1,
or 0.05% of the amplified products are primer dimers.
[0354] In some embodiments, the method involves mul-
tiplex PCR and sequencing (such as high throughput
sequencing).

[0355] In various embodiments, long annealing times and/
or low primer concentrations are used. In various embodi-
ments, the length of the annealing step is greater than 3, 5,
8, 10, 15, 20, 30, 45, 60, 75, 90, 120, 150, or 180 minutes.
In various embodiments, the length of the annealing step
(per PCR cycle) is between 5 and 180 minutes, such as 5 to
60, 10 to 60, 5 to 30, or 10 to 30 minutes, inclusive. In
various embodiments, the length of the annealing step is
greater than 5 minutes (such greater than 10, or 15 minutes),
and the concentration of each primer is less than 20 nM. In
various embodiments, the length of the annealing step is
greater than 5 minutes (such greater than 10, or 15 minutes),
and the concentration of each primer is between 1 to 20 nM,
or 1 to 10 nM, inclusive. In various embodiments, the length
of the annealing step is greater than 20 minutes (such as
greater than 30, 45, 60, or 90 minutes), and the concentration
of each primer is less than 1 nM.

[0356] At high level of multiplexing, the solution may
become viscous due to the large amount of primers in
solution. If the solution is too viscous, one can reduce the
primer concentration to an amount that is still sufficient for
the primers to bind the template DNA. In various embodi-
ments, less than 60,000 different primers are used and the
concentration of each primer is less than 20 nM, such as less
than 10 nM or between 1 and 10 nM, inclusive. In various
embodiments, more than 60,000 different primers (such as
between 60,000 and 120,000 different primers) are used and
the concentration of each primer is less than 10 nM, such as
less than 5 nM or between 1 and 10 nM, inclusive.

[0357] It was discovered that the annealing temperature
can optionally be higher than the melting temperatures of
some or all of the primers (in contrast to other methods that
use an annealing temperature below the melting tempera-
tures of the primers) (Example 25). The melting temperature
(T,,) is the temperature at which one-half (50%) of a DNA
duplex of an oligonucleotide (such as a primer) and its
perfect complement dissociates and becomes single strand
DNA. The annealing temperature (TA) is the temperature
one runs the PCR protocol at. For prior methods, it is usually
5° C. below the lowest T,, of the primers used, thus close to
all possible duplexes are formed (such that essentially all the
primer molecules bind the template nucleic acid). While this
is highly efficient, at lower temperatures there are more
unspecific reactions bound to occur. One consequence of
having too low a TA is that primers may anneal to sequences
other than the true target, as internal single-base mismatches
or partial annealing may be tolerated. In some embodiments
of the present inventions, the T, is higher than (T,,), where
at a given moment only a small fraction of the targets have
a primer annealed (such as only ~1-5%). If these get
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extended, they are removed from the equilibrium of anneal-
ing and dissociating primers and target (as extension
increases T,, quickly to above 70 C), and a new 1-5% of
targets has primers. Thus, by giving the reaction long time
for annealing, one can get ~100% of the targets copied per
cycle. Thus, the most stable molecule pairs (those with
perfect DNA pairing between the primer and the template
DNA) are preferentially extended to produce the correct
target amplicons. For example, the same experiment was
performed with 57° C. as the annealing temperature and with
63° C. as the annealing temperature with primers that had a
melting temperature below 63° C. When the annealing
temperature was 57° C., the percent of mapped reads for the
amplified PCR products was as low as 50% (with 50% of the
amplified products being primer-dimer). When the anneal-
ing temperature was 63° C., the percentage of amplified
products that were primer dimer dropped to ~2%.

[0358] Invarious embodiments, the annealing temperature
is at least 1, 2,3, 4, 5,6, 7, 8,9, 10, 11, 12, 13, or 15° C.
greater than the melting temperature (such as the empirically
measured or calculated T,) of at least 25; 50; 75; 100; 300;
500; 750; 1,000; 2,000; 5,000; 7,500; 10,000; 15,000,
19,000; 20,000, 25,000; 27,000; 28,000; 30,000; 40,000;
50,000; 75,000; 100,000; or all of the non-identical primers.
In some embodiments, the annealing temperature is at least
1,2,3,4,5,6,7,8,9,10, 11,12, 13, or 15° C. greater than
the melting temperature (such as the empirically measured
or calculated T),,) of at least 25; 50; 75; 100; 300; 500; 750;
1,000, 2,000, 5,000, 7,500; 10,000; 15,000; 19,000; 20,000;
25,000; 27,000, 28,000; 30,000; 40,000; 50,000; 75,000;
100,000; or all of the non-identical primers, and the length
of the annealing step (per PCR cycle) is greater than 1, 3, 5,
8, 10, 15, 20, 30, 45, 60, 75, 90, 120, 150, or 180 minutes.
[0359] Invarious embodiments, the annealing temperature
is between 1 and 15° C. (such as between 1 to 10, 1 to 5, 1
t03,3t05,5t0 10,51t 8, 8to 10, 10 to 12, or 12 to 15°
C., inclusive) greater than the melting temperature (such as
the empirically measured or calculated T,,) of at least 25; 50;
75; 100; 300; 500; 750; 1,000, 2,000; 5,000; 7,500; 10,000;
15,000; 19,000; 20,000; 25,000; 27,000; 28,000; 30,000;
40,000, 50,000, 75,000, 100,000, or all of the non-identical
primers. In various embodiments, the annealing temperature
is between 1 and 15° C. (such as between 1 to 10, 1 to 5, 1
t03,3t05,5t0 10,51t 8, 8to 10, 10 to 12, or 12 to 15°
C., inclusive) greater than the melting temperature (such as
the empirically measured or calculated T,,) of at least 25; 50;
75; 100; 300; 500; 750; 1,000, 2,000; 5,000; 7,500; 10,000;
15,000; 19,000; 20,000; 25,000; 27,000; 28,000; 30,000;
40,000, 50,000, 75,000, 100,000, or all of the non-identical
primers, and the length of the annealing step (per PCR cycle)
is between 5 and 180 minutes, such as 5 to 60, 10 to 60, 5
to 30, or 10 to 30 minutes, inclusive.

[0360] Insomeembodiments, the annealing temperature is
atleast 1,2,3,4,5,6,7,8,9,10, 11,12, 13, or 15° C. greater
than the highest melting temperature (such as the empiri-
cally measured or calculated T,,) of the primers. In some
embodiments, the annealing temperature is at least 1, 2, 3, 4,
5,6,7,8,9,10, 11,12, 13, or 15° C. greater than the highest
melting temperature (such as the empirically measured or
calculated T,,) of the primers, and the length of the annealing
step (per PCR cycle) is greater than 1, 3, 5, 8, 10, 15, 20, 30,
45, 60, 75, 90, 120, 150, or 180 minutes

[0361] Insome embodiments, the annealing temperature is
between 1 and 15° C. (such as between 1 to 10, 1 to 5, 1 to
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3,3t05,5t0 10,510 8,810 10, 10to 12, or 12 to 15° C,,
inclusive) greater than the highest melting temperature (such
as the empirically measured or calculated T,,) of the primers.
In some embodiments, the annealing temperature is between
1 and 15° C. (such as between 1 to 10, 1 to 5, 1 to 3, 3 to
5,5t010,5t0 8,810 10, 10to 12, or 12 to 15° C., inclusive)
greater than the highest melting temperature (such as the
empirically measured or calculated T,,) of the primers, and
the length of the annealing step (per PCR cycle) is between
5 and 180 minutes, such as 5 to 60, 10 to 60, 5 to 30, or 10
to 30 minutes, inclusive.

[0362] Insome embodiments, the annealing temperature is
atleast1,2,3,4,5,6,7,8,9,10, 11,12, 13, or 15° C. greater
than the average melting temperature (such as the empiri-
cally measured or calculated T,,) of at least 25; 50; 75; 100;
300; 500; 750; 1,000; 2,000; 5,000; 7,500; 10,000; 15,000;
19,000; 20,000, 25,000; 27,000; 28,000; 30,000; 40,000;
50,000; 75,000; 100,000; or all of the non-identical primers.
In some embodiments, the annealing temperature is at least
1,2,3,4,5,6,7,8,9,10, 11, 12, 13, or 15° C. greater than
the average melting temperature (such as the empirically
measured or calculated T,,) of at least 25; 50; 75; 100; 300;
500; 750; 1,000; 2,000; 5,000; 7,500, 10,000; 15,000,
19,000; 20,000, 25,000; 27,000; 28,000; 30,000; 40,000;
50,000; 75,000; 100,000; or all of the non-identical primers,
and the length of the annealing step (per PCR cycle) is
greater than 1, 3, 5, 8, 10, 15, 20, 30, 45, 60, 75, 90, 120, 150,
or 180 minutes.

[0363] Insomeembodiments, the annealing temperature is
between 1 and 15° C. (such as between 1 to 10, 1 to 5, 1 to
3,3t05,5t0 10,510 8,810 10, 10to 12, or 12 to 15° C,,
inclusive) greater than the average melting temperature
(such as the empirically measured or calculated T,,) of at
least 25; 50; 75; 100, 300, 500, 750, 1,000; 2,000, 5,000,
7,500; 10,000; 15,000; 19,000; 20,000; 25,000; 27,000;
28,000; 30,000; 40,000; 50,000; 75,000; 100,000; or all of
the non-identical primers. In some embodiments, the anneal-
ing temperature is between 1 and 15° C. (such as between 1
t010,1t05,1t03,31t05,5t010,5t08,81t010,10to0 12,
or 12 to 15° C,, inclusive) greater than the average melting
temperature (such as the empirically measured or calculated
T,,) of at least 25; 50; 75; 100; 300; 500; 750; 1,000; 2,000;
5,000; 7,500; 10,000; 15,000; 19,000; 20,000; 25,000,
27,000; 28,000; 30,000, 40,000; 50,000; 75,000; 100,000; or
all of the non-identical primers, and the length of the
annealing step (per PCR cycle) is between 5 and 180
minutes, such as 5 to 60, 10 to 60, 5 to 30, or 10 to 30
minutes, inclusive.

[0364] Insome embodiments, the annealing temperature is
between 50 to 70° C., such as between 55 to 60, 60 to 65,
or 65 to 70° C., inclusive. In some embodiments, the
annealing temperature is between 50 to 70° C., such as
between 55 to 60, 60 to 65, or 65 to 70° C., inclusive, and
either (i) the length of the annealing step (per PCR cycle) is
greater than 3, 5, 8, 10, 15, 20, 30, 45, 60, 75, 90, 120, 150,
or 180 minutes or (ii) the length of the annealing step (per
PCR cycle) is between 5 and 180 minutes, such as 5 to 60,
10 to 60, 5 to 30, or 10 to 30 minutes, inclusive.

[0365] In some embodiments, one or more of the follow-
ing conditions are used for empirical measurement of T, or
are assumed for calculation of T,,: temperature: of 60.0° C.,
primer concentration of 100 nM, and/or salt concentration of
100 mM. In some embodiments, other conditions are used,
such as the conditions that will be used for multiplex PCR
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with the library. In some embodiments, 100 mM KCl, 50
mM (NH,),S0,, 3 mM MgCl,, 7.5 nM of each primer, and
50 mM TMAC, at pH 8.1 is used. In some embodiments, the
T,, is calculated using the Primer3 program (libprimer3
release 2.2.3) using the built-in Santal.ucia parameters (the
world wide web at primer3.sourceforge.net, which is hereby
incorporated by reference in its entirety). For example, the
T,, values may be calculated using the method in Example
25. In some embodiments, the calculated melting tempera-
ture for a primer is the temperature at which half of the
primers molecules are expected to be annealed. As discussed
above, even at a temperature higher than the calculated
melting temperature, a percentage of primers will be
annealed, and therefore PCR extension is possible. In some
embodiments, the empirically measured T,, (the actual T,,)
is determined by using a thermostatted cell in a UV spec-
trophotometer. In some embodiments, temperature is plotted
vs. absorbance, generating an S-shaped curve with two
plateaus. The absorbance reading halfway between the pla-
teaus corresponds to T,

[0366] In some embodiments, the absorbance at 260 nm is
measured as a function of temperature on an ultrospec 2100
pr UV/visible spectrophotometer (Amershambiosciences)
(see, e.g., Takiya et al., “An empirical approach for thermal
stability (T,,) prediction of PNA/DNA duplexes,” Nucleic
Acids Symp Ser (Oxf); (48):131-2, 2004, which is hereby
incorporated by reference in its entirety). In some embodi-
ments, absorbance at 260 nm is measured by decreasing the
temperature in steps of 2° C. per minute from 95 to 20° C.
In some embodiments, a primer and its perfect complement
(such as 2 uM of each paired oligomer) are mixed and then
annealing is performed by heating the sample to 95° C.,
keeping it there for 5 minutes, followed by cooling to room
temperature during 30 minutes, and keeping the samples at
95° C. for at least 60 minutes.

[0367] In some embodiments, melting temperature is
determined by analyzing the data using SWIFT T, software.
In some embodiments of any of the methods of the inven-
tion, the method includes empirically measuring or calcu-
lating (such as calculating with a computer) the melting
temperature for at least 50, 80, 90, 92, 94, 96, 98, 99, or
100% of the primers in the library either before or after the
primers are used for PCR amplification of target loci.

[0368] In some embodiments, the library comprises a
microarray. In some embodiments, the library does not
comprise a microarray.

[0369] In some embodiments, most or all of the primers
are extended to form amplified products. Having all the
primers consumed in the PCR reaction increases the unifor-
mity of amplification of the different target loci since the
same or similar number of primer molecules are converted
to target amplicons for each target loci. In some embodi-
ment, at least 80, 90, 92, 94, 96, 98, 99, or 100% of the
primer molecules are extended to form amplified products.
In some embodiments, for at least 80, 90, 92, 94, 96, 98, 99,
or 100% of target loci, at least 80, 90, 92, 94, 96, 98, 99, or
100% of the primer molecules to that target loci are extended
to form amplified products. In some embodiments, multiple
cycles are performed until this percentage of the primers are
consumed. In some embodiments, multiple cycles are per-
formed until all or substantially all of the primers are
consumed. If desired, a higher percentage of the primers can
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be consumed by decreasing the initial primer concentration
and/or increasing the number of PCR cycles that are per-
formed.

[0370] In some embodiments, the PCR methods may be
performed with microliter reaction volumes, for which it can
be harder to achieve specific PCR amplification (due to the
lower local concentration of the template nucleic acids)
compared to nanoliter or picoliter reaction volumes used in
microfluidics applications. In some embodiments, the reac-
tion volume is between 1 and 60 uL, such as between 5 and
50 ul, 10 and 50 ul, 10 and 20 ul,, 20 and 30 uL, 30 and
40 uL, or 40 to 50 uL, inclusive.

[0371] In an embodiment, a method disclosed herein uses
highly efficient highly multiplexed targeted PCR to amplify
DNA followed by high throughput sequencing to determine
the allele frequencies at each target locus. The ability to
multiplex more than about 50 or 100 PCR primers in one
reaction volume in a way that most of the resulting sequence
reads map to targeted loci is novel and non-obvious. One
technique that allows highly multiplexed targeted PCR to
perform in a highly efficient manner involves designing
primers that are unlikely to hybridize with one another. The
PCR probes, typically referred to as primers, are selected by
creating a thermodynamic model of potentially adverse
interactions between at least 300; at least 500; at least 750;
at least 1,000; at least 2,000, at least 5,000, at least 7,500; at
least 10,000; at least 20,000; at least 25,000, at least 30,000,
at least 40,000; at least 50,000, at least 75,000; or at least
100,000 potential primer pairs, or unintended interactions
between primers and sample DNA, and then using the model
to eliminate designs that are incompatible with other the
designs in the pool. Another technique that allows highly
multiplexed targeted PCR to perform in a highly efficient
manner is using a partial or full nesting approach to the
targeted PCR. Using one or a combination of these
approaches allows multiplexing of at least 300, at least 800,
at least 1,200, at least 4,000 or at least 10,000 primers in a
single pool with the resulting amplified DNA comprising a
majority of DNA molecules that, when sequenced, will map
to targeted loci. Using one or a combination of these
approaches allows multiplexing of a large number of prim-
ers in a single pool with the resulting amplified DNA
comprising greater than 50%, greater than 60%, greater than
67%, greater than 80%, greater than 90%, greater than 95%,
greater than 96%, greater than 97%, greater than 98%,
greater than 99%, or greater than 99.5% DNA molecules that
map to targeted loci.

[0372] In some embodiments the detection of the target
genetic material may be done in a multiplexed fashion. The
number of genetic target sequences that may be run in
parallel can range from one to ten, ten to one hundred, one
hundred to one thousand, one thousand to ten thousand, ten
thousand to one hundred thousand, one hundred thousand to
one million, or one million to ten million. Prior attempts to
multiplex more than 100 primers per pool have resulted in
significant problems with unwanted side reactions such as
primer-dimer formation.

Targeted PCR

[0373] In some embodiments, PCR can be used to target
specific locations of the genome. In plasma samples, the
original DNA is highly fragmented (typically less than 500
bp, with an average length less than 200 bp). In PCR, both
forward and reverse primers anneal to the same fragment to
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enable amplification. Therefore, if the fragments are short,
the PCR assays must amplify relatively short regions as
well. Like MIPS, if the polymorphic positions are too close
the polymerase binding site, it could result in biases in the
amplification from different alleles.

[0374] Currently, PCR primers that target polymorphic
regions, such as those containing SNPs, are typically
designed such that the 3' end of the primer will hybridize to
the base immediately adjacent to the polymorphic base or
bases. In an embodiment of the present disclosure, the 3'
ends of both the forward and reverse PCR primers are
designed to hybridize to bases that are one or a few positions
away from the variant positions (polymorphic sites) of the
targeted allele.

[0375] The number of bases between the polymorphic site
(SNP or otherwise) and the base to which the 3' end of the
primer is designed to hybridize may be one base, it may be
two bases, it may be three bases, it may be four bases, it may
be five bases, it may be six bases, it may be seven to ten
bases, it may be eleven to fifteen bases, or it may be sixteen
to twenty bases. The forward and reverse primers may be
designed to hybridize a different number of bases away from
the polymorphic site.

[0376] PCR assay can be generated in large numbers,
however, the interactions between different PCR assays
makes it difficult to multiplex them beyond about one
hundred assays. Various complex molecular approaches can
be used to increase the level of multiplexing, but it may still
be limited to fewer than 100, perhaps 200, or possibly 500
assays per reaction. Samples with large quantities of DNA
can be split among multiple sub-reactions and then recom-
bined before sequencing. For samples where either the
overall sample or some subpopulation of DNA molecules is
limited, splitting the sample would introduce statistical
noise. In an embodiment, a small or limited quantity of DNA
may refer to an amount below 10 pg, between 10 and 100 pg,
between 100 pug and 1 ng, between 1 and 10 ng, or between
10 and 100 ng. Note that while this method is particularly
useful on small amounts of DNA where other methods that
involve splitting into multiple pools can cause significant
problems related to introduced stochastic noise, this method
still provides the benefit of minimizing bias when it is run on
samples of any quantity of DNA. In these situations a
universal pre-amplification step may be used to increase the
overall sample quantity. Ideally, this pre-amplification step
should not appreciably alter the allelic distributions.
[0377] In an embodiment, a method of the present disclo-
sure can generate PCR products that are specific to a large
number of targeted loci, specifically 1,000 to 5,000 loci,
5,000 to 10,000 loci or more than 10,000 loci, for genotyp-
ing by sequencing or some other genotyping method, from
limited samples such as single cells or DNA from body
fluids. Currently, performing multiplex PCR reactions of
more than 5 to 10 targets presents a major challenge and is
often hindered by primer side products, such as primer
dimers, and other artifacts. When detecting target sequences
using microarrays with hybridization probes, primer dimers
and other artifacts may be ignored, as these are not detected.
However, when using sequencing as a method of detection,
the vast majority of the sequencing reads would sequence
such artifacts and not the desired target sequences in a
sample. Methods described in the prior art used to multiplex
more than 50 or 100 reactions in one reaction volume
followed by sequencing will typically result in more than
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20%, and often more than 50%, in many cases more than
80% and in some cases more than 90% off-target sequence
reads.

[0378] In general, to perform targeted sequencing of mul-
tiple (n) targets of a sample (greater than 50, greater than
100, greater than 500, or greater than 1,000), one can split
the sample into a number of parallel reactions that amplify
one individual target. This has been performed in PCR
multiwell plates or can be done in commercial platforms
such as the FLUIDIGM ACCESS ARRAY (48 reactions per
sample in microfluidic chips) or DROPLET PCR by RAIN
DANCE TECHNOLOGY (100 s to a few thousands of
targets). Unfortunately, these split-and-pool methods are
problematic for samples with a limited amount of DNA, as
there is often not enough copies of the genome to ensure that
there is one copy of each region of the genome in each well.
[0379] This is an especially severe problem when poly-
morphic loci are targeted, and the relative proportions of the
alleles at the polymorphic loci are needed, as the stochastic
noise introduced by the splitting and pooling will cause very
poorly accurate measurements of the proportions of the
alleles that were present in the original sample of DNA.
Described here is a method to effectively and efficiently
amplify many PCR reactions that is applicable to cases
where only a limited amount of DNA is available. In an
embodiment, the method may be applied for analysis of
single cells, body fluids, mixtures of DNA such as the free
floating DNA found in maternal plasma, biopsies, environ-
mental and/or forensic samples.

[0380] In an embodiment, the targeted sequencing may
involve one, a plurality, or all of the following steps. a)
Generate and amplify a library with adaptor sequences on
both ends of DNA fragments. b) Divide into multiple
reactions after library amplification. ¢) Generate and option-
ally amplify a library with adaptor sequences on both ends
of DNA fragments. d) Perform 1000- to 10,000-plex ampli-
fication of selected targets using one target specific “For-
ward” primer per target and one tag specific primer. )
Perform a second amplification from this product using
“Reverse” target specific primers and one (or more) primer
specific to a universal tag that was introduced as part of the
target specific forward primers in the first round. f) Perform
a 1000-plex preamplification of selected target for a limited
number of cycles. g) Divide the product into multiple
aliquots and amplify subpools of targets in individual reac-
tions (for example, 50 to 500-plex, though this can be used
all the way down to singleplex. h) Pool products of parallel
subpools reactions. i) During these amplifications primers
may carry sequencing compatible tags (partial or full length)
such that the products can be sequenced.

Highly Multiplexed PCR

[0381] Disclosed herein are methods that permit the tar-
geted amplification of over a hundred to tens of thousands of
target sequences (e.g., SNP loci) from a nucleic acid sample
such as genomic DNA obtained from plasma. The amplified
sample may be relatively free of primer dimer products and
have low allelic bias at target loci. If during or after
amplification the products are appended with sequencing
compatible adaptors, analysis of these products can be
performed by sequencing.

[0382] Performing a highly multiplexed PCR amplifica-
tion using methods known in the art results in the generation
of primer dimer products that are in excess of the desired
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amplification products and not suitable for sequencing.
These can be reduced empirically by eliminating primers
that form these products, or by performing in silico selection
of primers. However, the larger the number of assays, the
more difficult this problem becomes.

[0383] One solution is to split the 5000-plex reaction into
several lower-plexed amplifications, e.g. one hundred
50-plex or fifty 100-plex reactions, or to use microfluidics or
even to split the sample into individual PCR reactions.
However, if the sample DNA is limited, such as in non-
invasive prenatal diagnostics from pregnancy plasma, divid-
ing the sample between multiple reactions should be avoided
as this will result in bottlenecking.

[0384] Described herein are methods to first globally
amplify the plasma DNA of a sample and then divide the
sample up into multiple multiplexed target enrichment reac-
tions with more moderate numbers of target sequences per
reaction. In an embodiment, a method of the present disclo-
sure can be used for preferentially enriching a DNA mixture
at a plurality of loci, the method comprising one or more of
the following steps: generating and amplifying a library
from a mixture of DNA where the molecules in the library
have adaptor sequences ligated on both ends of the DNA
fragments, dividing the amplified library into multiple reac-
tions, performing a first round of multiplex amplification of
selected targets using one target specific “forward” primer
per target and one or a plurality of adaptor specific universal
“reverse” primers. In an embodiment, a method of the
present disclosure further includes performing a second
amplification using “reverse” target specific primers and one
or a plurality of primers specific to a universal tag that was
introduced as part of the target specific forward primers in
the first round. In an embodiment, the method may involve
a fully nested, hemi-nested, semi-nested, one sided fully
nested, one sided hemi-nested, or one sided semi-nested
PCR approach. In an embodiment, a method of the present
disclosure is used for preferentially enriching a DNA mix-
ture at a plurality of loci, the method comprising performing
a multiplex preamplification of selected targets for a limited
number of cycles, dividing the product into multiple aliquots
and amplifying subpools of targets in individual reactions,
and pooling products of parallel subpools reactions. Note
that this approach could be used to perform targeted ampli-
fication in a manner that would result in low levels of allelic
bias for 50-500 loci, for 500 to 5,000 loci, for 5,000 to
50,000 loci, or even for 50,000 to 500,000 loci. In an
embodiment, the primers carry partial or full length sequenc-
ing compatible tags.

[0385] The workflow may entail (1) extracting DNA such
as plasma DNA, (2) preparing fragment library with uni-
versal adaptors on both ends of fragments, (3) amplifying
the library using universal primers specific to the adaptors,
(4) dividing the amplified sample “library” into multiple
aliquots, (5) performing multiplex (e.g. about 100-plex,
1,000, or 10,000-plex with one target specific primer per
target and a tag-specific primer) amplifications on aliquots,
(6) pooling aliquots of one sample, (7) barcoding the
sample, (8) mixing the samples and adjusting the concen-
tration, (9) sequencing the sample. The workflow may
comprise multiple sub-steps that contain one of the listed
steps (e.g. step (2) of preparing the library step could entail
three enzymatic steps (blunt ending, dA tailing and adaptor
ligation) and three purification steps). Steps of the workflow
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may be combined, divided up or performed in different order
(e.g. bar coding and pooling of samples).

[0386] It is important to note that the amplification of a
library can be performed in such a way that it is biased to
amplify short fragments more efficiently. In this manner it is
possible to preferentially amplify shorter sequences, e.g.
mono-nucleosomal DNA fragments as the cell free fetal
DNA (of placental origin) found in the circulation of preg-
nant women. Note that PCR assays can have the tags, for
example sequencing tags, (usually a truncated form of 15-25
bases).

[0387] After multiplexing, PCR multiplexes of a sample
are pooled and then the tags are completed (including bar
coding) by a tag-specific PCR (could also be done by
ligation). Also, the full sequencing tags can be added in the
same reaction as the multiplexing. In the first cycles targets
may be amplified with the target specific primers, subse-
quently the tag-specific primers take over to complete the
SQ-adaptor sequence. The PCR primers may carry no tags.
The sequencing tags may be appended to the amplification
products by ligation.

[0388] Inan embodiment, highly multiplex PCR followed
by evaluation of amplified material by clonal sequencing
may be used for various applications such as the detection of
fetal aneuploidy. Whereas traditional multiplex PCRs evalu-
ate up to fifty loci simultaneously, the approach described
herein may be used to enable simultaneous evaluation of
more than 50 loci simultaneously, more than 100 loci
simultaneously, more than 500 loci simultaneously, more
than 1,000 loci simultaneously, more than 5,000 loci simul-
taneously, more than 10,000 loci simultaneously, more than
50,000 loci simultaneously, and more than 100,000 loci
simultaneously. Experiments have shown that up to, includ-
ing and more than 10,000 distinct loci can be evaluated
simultaneously, in a single reaction, with sufficiently good
efficiency and specificity to make non-invasive prenatal
aneuploidy diagnoses and/or copy number calls with high
accuracy. Assays may be combined in a single reaction with
the entirety of a sample such as a cfDNA sample isolated
from maternal plasma, a fraction thereof, or a further pro-
cessed derivative of the cfDNA sample. The sample (e.g.,
cfDNA or derivative) may also be split into multiple parallel
multiplex reactions. The optimum sample splitting and mul-
tiplex is determined by trading off various performance
specifications. Due to the limited amount of material, split-
ting the sample into multiple fractions can introduce sam-
pling noise, handling time, and increase the possibility of
error. Conversely, higher multiplexing can result in greater
amounts of spurious amplification and greater inequalities in
amplification both of which can reduce test performance.
[0389] Two crucial related considerations in the applica-
tion of the methods described herein are the limited amount
of original sample (e.g., plasma) and the number of original
molecules in that material from which allele frequency or
other measurements are obtained. If the number of original
molecules falls below a certain level, random sampling
noise becomes significant, and can affect the accuracy of the
test. Typically, data of sufficient quality for making non-
invasive prenatal aneuploidy diagnoses can be obtained if
measurements are made on a sample comprising the equiva-
lent of 500-1000 original molecules per target locus. There
are a number of ways of increasing the number of distinct
measurements, for example increasing the sample volume.
Each manipulation applied to the sample also potentially
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results in losses of material. It is essential to characterize
losses incurred by various manipulations and avoid, or as
necessary improve yield of certain manipulations to avoid
losses that could degrade performance of the test.

[0390] In an embodiment, it is possible to mitigate poten-
tial losses in subsequent steps by amplifying all or a fraction
of the original sample (e.g., c{DNA sample). Various meth-
ods are available to amplify all of the genetic material in a
sample, increasing the amount available for downstream
procedures. In an embodiment, ligation mediated PCR (LM-
PCR) DNA fragments are amplified by PCR after ligation of
either one distinct adaptors, two distinct adapters, or many
distinct adaptors. In an embodiment, multiple displacement
amplification (MDA) phi-29 polymerase is used to amplify
all DNA isothermally. In DOP-PCR and variations, random
priming is used to amplify the original material DNA. Each
method has certain characteristics such as uniformity of
amplification across all represented regions of the genome,
efficiency of capture and amplification of original DNA, and
amplification performance as a function of the length of the
fragment.

[0391] In an embodiment LM-PCR may be used with a
single heteroduplexed adaptor having a 3-prime tyrosine.
The heteroduplexed adaptor enables the use of a single
adaptor molecule that may be converted to two distinct
sequences on 5-prime and 3-prime ends of the original DNA
fragment during the first round of PCR. In an embodiment,
it is possible to fractionate the amplified library by size
separations, or products such as AMPURE, TASS or other
similar methods. Prior to ligation, sample DNA may be blunt
ended, and then a single adenosine base is added to the
3-prime end. Prior to ligation the DNA may be cleaved using
a restriction enzyme or some other cleavage method. During
ligation the 3-prime adenosine of the sample fragments and
the complementary 3-prime tyrosine overhang of adaptor
can enhance ligation efficiency. The extension step of the
PCR amplification may be limited from a time standpoint to
reduce amplification from fragments longer than about 200
bp, about 300 bp, about 400 bp, about 500 bp or about 1,000
bp. Since longer DNA found in the maternal plasma is nearly
exclusively maternal, this may result in the enrichment of
fetal DNA by 10-50% and improvement of test performance.
A number of reactions were run using conditions as specified
by commercially available kits; the resulted in successful
ligation of fewer than 10% of sample DNA molecules. A
series of optimizations of the reaction conditions for this
improved ligation to approximately 70%.

Mini-PCR

[0392] The following Mini-PCR method is desirable for
samples containing short nucleic acids, digested nucleic
acids, or fragmented nucleic acids, such as cfDNA. Tradi-
tional PCR assay design results in significant losses of
distinct fetal molecules, but losses can be greatly reduced by
designing very short PCR assays, termed mini-PCR assays.
Fetal cfDNA in maternal serum is highly fragmented and the
fragment sizes are distributed in approximately a Gaussian
fashion with a mean of 160 bp, a standard deviation of 15 bp,
a minimum size of about 100 bp, and a maximum size of
about 220 bp. The distribution of fragment start and end
positions with respect to the targeted polymorphisms, while
not necessarily random, vary widely among individual tar-
gets and among all targets collectively and the polymorphic
site of one particular target locus may occupy any position
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from the start to the end among the various fragments
originating from that locus. Note that the term mini-PCR
may equally well refer to normal PCR with no additional
restrictions or limitations.

[0393] During PCR, amplification will only occur from
template DNA fragments comprising both forward and
reverse primer sites. Because fetal cfDNA fragments are
short, the likelihood of both primer sites being present the
likelihood of a fetal fragment of length L. comprising both
the forward and reverse primers sites is ratio of the length of
the amplicon to the length of the fragment. Under ideal
conditions, assays in which the amplicon is 45, 50, 55, 60,
65, or 70 bp will successfully amplify from 72%, 69%, 66%,
63%, 59%, or 56%, respectively, of available template
fragment molecules. The amplicon length is the distance
between the 5-prime ends of the forward and reverse prim-
ing sites. Amplicon length that is shorter than typically used
by those known in the art may result in more efficient
measurements of the desired polymorphic loci by only
requiring short sequence reads. In an embodiment, a sub-
stantial fraction of the amplicons should be less than 100 bp,
less than 90 bp, less than 80 bp, less than 70 bp, less than 65
bp, less than 60 bp, less than 55 bp, less than 50 bp, or less
than 45 bp.

[0394] Note that in methods known in the prior art, short
assays such as those described herein are usually avoided
because they are not required and they impose considerable
constraint on primer design by limiting primer length,
annealing characteristics, and the distance between the for-
ward and reverse primer.

[0395] Also note that there is the potential for biased
amplification if the 3-prime end of the either primer is within
roughly 1-6 bases of the polymorphic site. This single base
difference at the site of initial polymerase binding can result
in preferential amplification of one allele, which can alter
observed allele frequencies and degrade performance. All of
these constraints make it very challenging to identify prim-
ers that will amplify a particular locus successfully and
furthermore, to design large sets of primers that are com-
patible in the same multiplex reaction. In an embodiment,
the 3' end of the inner forward and reverse primers are
designed to hybridize to a region of DNA upstream from the
polymorphic site, and separated from the polymorphic site
by a small number of bases. Ideally, the number of bases
may be between 6 and 10 bases, but may equally well be
between 4 and 15 bases, between three and 20 bases,
between two and 30 bases, or between 1 and 60 bases, and
achieve substantially the same end.

[0396] Multiplex PCR may involve a single round of PCR
in which all targets are amplified or it may involve one round
of PCR followed by one or more rounds of nested PCR or
some variant of nested PCR. Nested PCR consists of a
subsequent round or rounds of PCR amplification using one
or more new primers that bind internally, by at least one base
pair, to the primers used in a previous round. Nested PCR
reduces the number of spurious amplification targets by
amplifying, in subsequent reactions, only those amplifica-
tion products from the previous one that have the correct
internal sequence. Reducing spurious amplification targets
improves the number of useful measurements that can be
obtained, especially in sequencing. Nested PCR typically
entails designing primers completely internal to the previous
primer binding sites, necessarily increasing the minimum
DNA segment size required for amplification. For samples
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such as maternal plasma cfDNA, in which the DN A is highly
fragmented, the larger assay size reduces the number of
distinct cfDNA molecules from which a measurement can be
obtained. In an embodiment, to offset this effect, one may
use a partial nesting approach where one or both of the
second round primers overlap the first binding sites extend-
ing internally some number of bases to achieve additional
specificity while minimally increasing in the total assay size.

[0397] In an embodiment, a multiplex pool of PCR assays
are designed to amplify potentially heterozygous SNP or
other polymorphic or non-polymorphic loci on one or more
chromosomes and these assays are used in a single reaction
to amplify DNA. The number of PCR assays may be
between 50 and 200 PCR assays, between 200 and 1,000
PCR assays, between 1,000 and 5,000 PCR assays, or
between 5,000 and 20,000 PCR assays (50 to 200-plex, 200
to 1,000-plex, 1,000 to 5,000-plex, 5,000 to 20,000-plex,
more than 20,000-plex respectively). In an embodiment, a
multiplex pool of about 10,000 PCR assays (10,000-plex)
are designed to amplify potentially heterozygous SNP loci
on chromosomes X, Y, 13, 18, and 21 and 1 or 2 and these
assays are used in a single reaction to amplify cfDNA
obtained from a material plasma sample, chorion villus
samples, amniocentesis samples, single or a small number of
cells, other bodily fluids or tissues, cancers, or other genetic
matter. The SNP frequencies of each locus may be deter-
mined by clonal or some other method of sequencing of the
amplicons. Statistical analysis of the allele frequency dis-
tributions or ratios of all assays may be used to determine if
the sample contains a trisomy of one or more of the
chromosomes included in the test. In another embodiment
the original cfDNA samples is split into two samples and
parallel 5,000-plex assays are performed. In another
embodiment the original cfDNA samples is split into n
samples and parallel (~10,000/n)-plex assays are performed
where n is between 2 and 12, or between 12 and 24, or
between 24 and 48, or between 48 and 96. Data is collected
and analyzed in a similar manner to that already described.
Note that this method is equally well applicable to detecting
translocations, deletions, duplications, and other chromo-
somal abnormalities.

[0398] In an embodiment, tails with no homology to the
target genome may also be added to the 3-prime or 5-prime
end of any of the primers. These tails facilitate subsequent
manipulations, procedures, or measurements. In an embodi-
ment, the tail sequence can be the same for the forward and
reverse target specific primers. In an embodiment, different
tails may be used for the forward and reverse target specific
primers. In an embodiment, a plurality of different tails may
be used for different loci or sets of loci. Certain tails may be
shared among all loci or among subsets of loci. For example,
using forward and reverse tails corresponding to forward
and reverse sequences required by any of the current
sequencing platforms can enable direct sequencing follow-
ing amplification. In an embodiment, the tails can be used as
common priming sites among all amplified targets that can
be used to add other useful sequences. In some embodi-
ments, the inner primers may contain a region that is
designed to hybridize either upstream or downstream of the
targeted locus (e.g, a polymorphic locus). In some embodi-
ments, the primers may contain a molecular barcode. In
some embodiments, the primer may contain a universal
priming sequence designed to allow PCR amplification.
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[0399] In an embodiment, a 10,000-plex PCR assay pool
is created such that forward and reverse primers have tails
corresponding to the required forward and reverse sequences
required by a high throughput sequencing instrument such as
the HISEQ, GAIIX, or MYSEQ available from ILLUMINA.
In addition, included S-prime to the sequencing tails is an
additional sequence that can be used as a priming site in a
subsequent PCR to add nucleotide barcode sequences to the
amplicons, enabling multiplex sequencing of multiple
samples in a single lane of the high throughput sequencing
instrument.

[0400] In an embodiment, a 10,000-plex PCR assay pool
is created such that reverse primers have tails corresponding
to the required reverse sequences required by a high
throughput sequencing instrument. After amplification with
the first 10,000-plex assay, a subsequent PCR amplification
may be performed using a another 10,000-plex pool having
partly nested forward primers (e.g. 6-bases nested) for all
targets and a reverse primer corresponding to the reverse
sequencing tail included in the first round. This subsequent
round of partly nested amplification with just one target
specific primer and a universal primer limits the required
size of the assay, reducing sampling noise, but greatly
reduces the number of spurious amplicons. The sequencing
tags can be added to appended ligation adaptors and/or as
part of PCR probes, such that the tag is part of the final
amplicon.

[0401] Fetal fraction affects performance of the test. There
are a number of ways to enrich the fetal fraction of the DNA
found in maternal plasma. Fetal fraction can be increased by
the previously described LM-PCR method already discussed
as well as by a targeted removal of long maternal fragments.
In an embodiment, prior to multiplex PCR amplification of
the target loci, an additional multiplex PCR reaction may be
carried out to selectively remove long and largely maternal
fragments corresponding to the loci targeted in the subse-
quent multiplex PCR. Additional primers are designed to
anneal a site a greater distance from the polymorphism than
is expected to be present among cell free fetal DNA frag-
ments. These primers may be used in a one cycle multiplex
PCR reaction prior to multiplex PCR of the target polymor-
phic loci. These distal primers are tagged with a molecule or
moiety that can allow selective recognition of the tagged
pieces of DNA. In an embodiment, these molecules of DNA
may be covalently modified with a biotin molecule that
allows removal of newly formed double stranded DNA
comprising these primers after one cycle of PCR. Double
stranded DNA formed during that first round is likely
maternal in origin. Removal of the hybrid material may be
accomplish by the used of magnetic streptavidin beads.
There are other methods of tagging that may work equally
well. In an embodiment, size selection methods may be used
to enrich the sample for shorter strands of DNA; for example
those less than about 800 bp, less than about 500 bp, or less
than about 300 bp. Amplification of short fragments can then
proceed as usual.

[0402] The mini-PCR method described in this disclosure
enables highly multiplexed amplification and analysis of
hundreds to thousands or even millions of loci in a single
reaction, from a single sample. At the same, the detection of
the amplified DNA can be multiplexed; tens to hundreds of
samples can be multiplexed in one sequencing lane by using
barcoding PCR. This multiplexed detection has been suc-
cessfully tested up to 49-plex, and a much higher degree of
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multiplexing is possible. In effect, this allows hundreds of
samples to be genotyped at thousands of SNPs in a single
sequencing run. For these samples, the method allows
determination of genotype and heterozygosity rate and
simultaneously determination of copy number, both of
which may be used for the purpose of aneuploidy detection.
This method is particularly useful in detecting aneuploidy of
a gestating fetus from the free floating DNA found in
maternal plasma. This method may be used as part of a
method for sexing a fetus, and/or predicting the paternity of
the fetus. It may be used as part of a method for mutation
dosage. This method may be used for any amount of DNA
or RNA, and the targeted regions may be SNPs, other
polymorphic regions, non-polymorphic regions, and com-
binations thereof.

[0403] Insome embodiments, ligation mediated universal-
PCR amplification of fragmented DNA may be used. The
ligation mediated universal-PCR amplification can be used
to amplify plasma DNA, which can then be divided into
multiple parallel reactions. It may also be used to preferen-
tially amplify short fragments, thereby enriching fetal frac-
tion. In some embodiments the addition of tags to the
fragments by ligation can enable detection of shorter frag-
ments, use of shorter target sequence specific portions of the
primers and/or annealing at higher temperatures which
reduces unspecific reactions.

[0404] The methods described herein may be used for a
number of purposes where there is a target set of DNA that
is mixed with an amount of contaminating DNA. In some
embodiments, the target DNA and the contaminating DNA
may be from individuals who are genetically related. For
example, genetic abnormalities in a fetus (target) may be
detected from maternal plasma which contains fetal (target)
DNA and also maternal (contaminating) DNA; the abnor-
malities include whole chromosome abnormalities (e.g.
aneuploidy) partial chromosome abnormalities (e.g. dele-
tions, duplications, inversions, and translocations), poly-
nucleotide polymorphisms (e.g. STRs), single nucleotide
polymorphisms, and/or other genetic abnormalities or dif-
ferences. In some embodiments, the target and contaminat-
ing DNA may be from the same individual, but where the
target and contaminating DNA are different by one or more
mutations, for example in the case of cancer. (see e.g. H.
Mamon et al. Preferential Amplification of Apoptotic DNA
from Plasma: Potential for Enhancing Detection of Minor
DNA Alterations in Circulating DNA. Clinical Chemistry
54:9 (2008). In some embodiments, the DNA may be found
in cell culture (apoptotic) supernatant. In some embodi-
ments, it is possible to induce apoptosis in biological
samples (e.g., blood) for subsequent library preparation,
amplification and/or sequencing. A number of enabling
workflows and protocols to achieve this end are presented
elsewhere in this disclosure.

[0405] In some embodiments, the target DNA may origi-
nate from single cells, from samples of DNA consisting of
less than one copy of the target genome, from low amounts
of DNA, from DNA from mixed origin (e.g. pregnancy
plasma: placental and maternal DNA; cancer patient plasma
and tumors: mix between healthy and cancer DNA, trans-
plantation etc), from other body fluids, from cell cultures,
from culture supernatants, from forensic samples of DNA,
from ancient samples of DNA (e.g. insects trapped in
amber), from other samples of DNA, and combinations
thereof.
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[0406] In some embodiments, a short amplicon size may
be used. Short amplicon sizes are especially suited for
fragmented DNA (see e.g. A. Sikora, et sl. Detection of
increased amounts of cell-free fetal DNA with short PCR
amplicons. Clin Chem. 2010 January; 56(1):136-8.)

[0407] The use of short amplicon sizes may result in some
significant benefits. Short amplicon sizes may result in
optimized amplification efficiency. Short amplicon sizes
typically produce shorter products, therefore there is less
chance for nonspecific priming. Shorter products can be
clustered more densely on sequencing flow cell, as the
clusters will be smaller. Note that the methods described
herein may work equally well for longer PCR amplicons.
Amplicon length may be increased if necessary, for
example, when sequencing larger sequence stretches.
[0408] Experiments with 146-plex targeted amplification
with assays of 100 bp to 200 bp length as first step in a
nested-PCR protocol were run on single cells and on
genomic DNA with positive results.

[0409] In some embodiments, the methods described
herein may be used to amplify and/or detect SNPs, copy
number, nucleotide methylation, mRNA levels, other types
of RNA expression levels, other genetic and/or epigenetic
features. The mini-PCR methods described herein may be
used along with next-generation sequencing; it may be used
with other downstream methods such as microarrays, count-
ing by digital PCR, real-time PCR, Mass-spectrometry
analysis etc.

[0410] In some embodiment, the mini-PCR amplification
methods described herein may be used as part of a method
for accurate quantification of minority populations. It may
be used for absolute quantification using spike calibrators. It
may be used for mutation/minor allele quantification
through very deep sequencing, and may be run in a highly
multiplexed fashion. It may be used for standard paternity
and identity testing of relatives or ancestors, in human,
animals, plants or other creatures. It may be used for forensic
testing. It may be used for rapid genotyping and copy
number analysis (CN), on any kind of material, e.g. amniotic
fluid and CVS, sperm, product of conception (POC). It may
be used for single cell analysis, such as genotyping on
samples biopsied from embryos. It may be used for rapid
embryo analysis (within less than one, one, or two days of
biopsy) by targeted sequencing using min-PCR.

[0411] In some embodiments, it may be used for tumor
analysis: tumor biopsies are often a mixture of health and
tumor cells. Targeted PCR allows deep sequencing of SNPs
and loci with close to no background sequences. It may be
used for copy number and loss of heterozygosity analysis on
tumor DNA. Said tumor DNA may be present in many
different body fluids or tissues of tumor patients. It may be
used for detection of tumor recurrence, and/or tumor screen-
ing. It may be used for quality control testing of seeds. It
may be used for breeding, or fishing purposes. Note that any
of these methods could equally well be used targeting
non-polymorphic loci for the purpose of ploidy calling.
[0412] Some literature describing some of the fundamen-
tal methods that underlie the methods disclosed herein
include: (1) Wang H'Y, Luo M, Tereshchenko 1V, Frikker D
M,CuiX,LiJY,Hu G, ChuY, Azaro M A, Lin Y, Shen L,
Yang Q, Kambouris M E, Gao R, Shih W, Li H.

[0413] Genome Res. 2005 February; 15(2):276-83.
Department of Molecular Genetics, Microbiology and
Immunology/The Cancer Institute of New Jersey, Robert
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Wood Johnson Medical School, New Brunswick, N.J.
08903, USA. (2) High-throughput genotyping of single
nucleotide polymorphisms with high sensitivity. [.i H, Wang
HY, Cui X, Luo M, Hu G, Greenawalt D M, Tereshchenko
IV, L 1Y, Chu Y, Gao R. Methods Mol Biol. 2007,
396—PubMed PMID: 18025699. (3) A method comprising
multiplexing of an average of 9 assays for sequencing is
described in: Nested Patch PCR enables highly multiplexed
mutation discovery in candidate genes. Varley K E, Mitra R
D. Genome Res. 2008 November; 18(11):1844-50. Epub
2008 Oct. 10. Note that the methods disclosed herein allow
multiplexing of orders of magnitude more than in the above
references.

[0414] Targeted PCR Variants—Nesting

[0415] There are many workflows that are possible when
conducting PCR; some workflows typical to the methods
disclosed herein are described. The steps outlined herein are
not meant to exclude other possible steps nor does it imply
that any of the steps described herein are required for the
method to work properly. A large number of parameter
variations or other modifications are known in the literature,
and may be made without affecting the essence of the
invention. One particular generalized workflow is given
below followed by a number of possible variants. The
variants typically refer to possible secondary PCR reactions,
for example different types of nesting that may be done (step
3). It is important to note that variants may be done at
different times, or in different orders than explicitly
described herein. Examples that use polymorphic loci for
illustration can be readily adapted for the amplification of
nonpolymorphic loci if desired.

[0416] The DNA in the sample may have ligation adapt-
ers, often referred to as library tags or ligation adaptor tags
(LTs), appended, where the ligation adapters contain a
universal priming sequence, followed by a universal ampli-
fication. In an embodiment, this may be done using a
standard protocol designed to create sequencing libraries
after fragmentation. In an embodiment, the DNA sample can
be blunt ended, and then an A can be added at the 3' end. A
Y-adaptor with a T-overhang can be added and ligated. In
some embodiments, other sticky ends can be used other than
an A or T overhang. In some embodiments, other adaptors
can be added, for example looped ligation adaptors. In some
embodiments, the adaptors may have tag designed for PCR
amplification.

[0417] Specific Target Amplification (STA): Pre-amplifi-
cation of hundreds to thousands to tens of thousands and
even hundreds of thousands of targets may be multiplexed in
one reaction volume. STA is typically run from 10 to 30
cycles, though it may be run from 5 to 40 cycles, from 2 to
50 cycles, and even from 1 to 100 cycles. Primers may be
tailed, for example for a simpler workflow or to avoid
sequencing of a large proportion of dimers. Note that
typically, dimers of both primers carrying the same tag will
not be amplified or sequenced efficiently. In some embodi-
ments, between 1 and 10 cycles of PCR may be carried out;
in some embodiments between 10 and 20 cycles of PCR may
be carried out; in some embodiments between 20 and 30
cycles of PCR may be carried out; in some embodiments
between 30 and 40 cycles of PCR may be carried out; in
some embodiments more than 40 cycles of PCR may be
carried out. The amplification may be a linear amplification.
The number of PCR cycles may be optimized to result in an
optimal depth of read (DOR) profile. Different DOR profiles
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may be desirable for different purposes. In some embodi-
ments, a more even distribution of reads between all assays
is desirable; if the DOR is too small for some assays, the
stochastic noise can be too high for the data to be too useful,
while if the depth of read is too high, the marginal usefulness
of each additional read is relatively small.

[0418] Primer tails may improve the detection of frag-
mented DNA from universally tagged libraries. If the library
tag and the primer-tails contain a homologous sequence,
hybridization can be improved (for example, melting tem-
perature (T,,) is lowered) and primers can be extended if
only a portion of the primer target sequence is in the sample
DNA fragment. In some embodiments, 13 or more target
specific base pairs may be used. In some embodiments, 10
to 12 target specific base pairs may be used. In some
embodiments, 8 to 9 target specific base pairs may be used.
In some embodiments, 6 to 7 target specific base pairs may
be used. In some embodiments, STA may be performed on
pre-amplified DNA, e.g. MDA, RCA, other whole genome
amplifications, or adaptor-mediated universal PCR. In some
embodiments, STA may be performed on samples that are
enriched or depleted of certain sequences and populations,
e.g. by size selection, target capture, directed degradation.

[0419] In some embodiments, it is possible to perform
secondary multiplex PCRs or primer extension reactions to
increase specificity and reduce undesirable products. For
example, full nesting, semi-nesting, hemi-nesting, and/or
subdividing into parallel reactions of smaller assay pools are
all techniques that may be used to increase specificity.
Experiments have shown that splitting a sample into three
400-plex reactions resulted in product DNA with greater
specificity than one 1,200-plex reaction with exactly the
same primers. Similarly, experiments have shown that split-
ting a sample into four 2,400-plex reactions resulted in
product DNA with greater specificity than one 9,600-plex
reaction with exactly the same primers. In an embodiment,
it is possible to use target-specific and tag specific primers
of the same and opposing directionality.

[0420] In some embodiments, it is possible to amplify a
DNA sample (dilution, purified or otherwise) produced by
an STA reaction using tag-specific primers and “universal
amplification”, i.e. to amplify many or all pre-amplified and
tagged targets. Primers may contain additional functional
sequences, e.g. barcodes, or a full adaptor sequence neces-
sary for sequencing on a high throughput sequencing plat-
form.

[0421] These methods may be used for analysis of any
sample of DNA, and are especially useful when the sample
of DNA is particularly small, or when it is a sample of DNA
where the DNA originates from more than one individual,
such as in the case of maternal plasma. These methods may
be used on DNA samples such as a single or small number
of cells, genomic DNA, plasma DNA, amplified plasma
libraries, amplified apoptotic supernatant libraries, or other
samples of mixed DNA. In an embodiment, these methods
may be used in the case where cells of different genetic
constitution may be present in a single individual, such as
with cancer or transplants. In an embodiment, some of the
DNA is from the recipient of a transplant (such as recipient
cell-free or cellular DNA) and some of the DNA is from the
donor of the transplant (such as cell-free or cellular DNA
from the transplant). In an embodiment, the method is used
to amplify one or more loci that differ between the recipient
and the donor (such as loci for which a different combination
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of alleles are present in the recipient compared to the donor).
In some embodiments, the recipient is homozygous for a
first allele (such as AA) and the donor is homozygous for a
second allele (such as BB) or is heterozygous with the first
allele and a second allele (such as AB) at one or more loci.
In some embodiments, the method is used to measure the
absolute or relative amount of DNA from the donor of the
transplant (such as cell-free or cellular DNA from the
transplant). In some embodiments, this method is used to
prognose, diagnose, detect, or monitor a transplant status or
outcome, such as transplant rejection, tolerance, non-rejec-
tion based allograft injury, transplant function, transplant
survival, chronic transplant injury, or tittering of pharmaco-
logical immunosuppression.

Protocol Variants (Variants and/or Additions to the Work-
flow Above)

[0422] Direct multiplexed mini-PCR: Specific target
amplification (STA) of a plurality of target sequences with
tagged primers is shown in FIG. 1. 101 denotes double
stranded DNA with a polymorphic locus of interest at X. 102
denotes the double stranded DNA with ligation adaptors
added for universal amplification. 103 denotes the single
stranded DNA that has been universally amplified with PCR
primers hybridized. 104 denotes the final PCR product. In
some embodiments, STA may be done on more than 100,
more than 200, more than 500, more than 1,000, more than
2,000, more than 5,000, more than 10,000, more than
20,000, more than 50,000, more than 100,000 or more than
200,000 targets. In a subsequent reaction, tag-specific prim-
ers amplify all target sequences and lengthen the tags to
include all necessary sequences for sequencing, including
sample indexes. In an embodiment, primers may not be
tagged or only certain primers may be tagged. Sequencing
adaptors may be added by conventional adaptor ligation. In
an embodiment, the initial primers may carry the tags.
[0423] Inan embodiment, primers are designed so that the
length of DNA amplified is unexpectedly short. Prior art
demonstrates that ordinary people skilled in the art typically
design 100+ bp amplicons. In an embodiment, the amplicons
may be designed to be less than 80 bp. In an embodiment,
the amplicons may be designed to be less than 70 bp. In an
embodiment, the amplicons may be designed to be less than
60 bp. In an embodiment, the amplicons may be designed to
be less than 50 bp. In an embodiment, the amplicons may be
designed to be less than 45 bp. In an embodiment, the
amplicons may be designed to be less than 40 bp. In an
embodiment, the amplicons may be designed to be less than
35 bp. In an embodiment, the amplicons may be designed to
be between 40 and 65 bp.

[0424] An experiment was performed using this protocol
using 1200-plex amplification. Both genomic DNA and
pregnancy plasma were used; about 70% of sequence reads
mapped to targeted sequences. Details are given elsewhere
in this document. Sequencing of a 1042-plex without design
and selection of assays resulted in >99% of sequences being
primer dimer products.

[0425] Sequential PCR:

[0426] After STA1 multiple aliquots of the product may be
amplified in parallel with pools of reduced complexity with
the same primers. The first amplification can give enough
material to split. This method is especially good for small
samples, for example those that are about 6-100 pg, about
100 pg to 1 ng, about 1 ng to 10 ng, or about 10 ng to 100
ng. The protocol was performed with 1200-plex into three

Nov. 5, 2020

400-plexes. Mapping of sequencing reads increased from
around 60 to 70% in the 1200-plex alone to over 95%.
[0427] Semi-Nested Mini-PCR:

[0428] (see FIG. 2) After STA 1 a second STA is per-
formed comprising a multiplex set of internal nested For-
ward primers (103 B, 105 5) and one (or few) tag-specific
Reverse primers (103 A). 101 denotes double stranded DNA
with a polymorphic locus of interest at X. 102 denotes the
double stranded DNA with ligation adaptors added for
universal amplification. 103 denotes the single stranded
DNA that has been universally amplified with Forward
primer B and Reverse Primer A hybridized. 104 denotes the
PCR product from 103. 105 denotes the product from 104
with nested Forward primer b hybridized, and Reverse tag A
already part of the molecule from the PCR that occurred
between 103 and 104. 106 denotes the final PCR product.
With this workflow usually greater than 95% of sequences
map to the intended targets. The nested primer may overlap
with the outer Forward primer sequence but introduces
additional 3'-end bases. In some embodiments it is possible
to use between one and 20 extra 3' bases. Experiments have
shown that using 9 or more extra 3' bases in a 1200-plex
designs works well. As readily apparent, the primers for the
second STA can alternatively be considered a multiplex set
of internal nested Reverse primers and one (or a few)
tag-specific Forward primers.

[0429] Fully Nested Mini-PCR:

[0430] (see FIG. 3) After STA step 1, it is possible to
perform a second multiplex PCR (or parallel m.p. PCRs of
reduced complexity) with two nested primers carrying tags
(A, a, B, b). 101 denotes double stranded DNA with a
polymorphic locus of interest at X. 102 denotes the double
stranded DNA with ligation adaptors added for universal
amplification. 103 denotes the single stranded DNA that has
been universally amplified with Forward primer B and
Reverse Primer A hybridized. 104 denotes the PCR product
from 103. 105 denotes the product from 104 with nested
Forward primer b and nested Reverse primer a hybridized.
106 denotes the final PCR product. In some embodiments, it
is possible to use two full sets of primers. Experiments using
a fully nested mini-PCR protocol were used to perform
146-plex amplification on single and three cells without step
102 of appending universal ligation adaptors and amplify-
ing.

[0431] Hemi-Nested Mini-PCR:

[0432] (see FIG. 4) It is possible to use target DNA that
has and adaptors at the fragment ends. STA is performed
comprising a multiplex set of Forward primers (B) and one
(or few) tag-specific Reverse primers (A). A second STA can
be performed using a universal tag-specific Forward primer
and target specific Reverse primer. 101 denotes double
stranded DNA with a polymorphic locus of interest at X. 102
denotes the double stranded DNA with ligation adaptors
added for universal amplification. 103 denotes the single
stranded DNA that has been universally amplified with
Reverse Primer A hybridized. 104 denotes the PCR product
from 103 that was amplified using Reverse primer A and
ligation adaptor tag primer LT. 105 denotes the product from
104 with Forward primer B hybridized. 106 denotes the final
PCR product. In this workflow, target specific Forward and
Reverse primers are used in separate reactions, thereby
reducing the complexity of the reaction and preventing
dimer formation of forward and reverse primers. Note that
in this example, primers A and B may be considered to be
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first primers, and primers ‘a’ and ‘b’ may be considered to
be inner primers. This method is a big improvement on
direct PCR as it is as good as direct PCR, but it avoids
primer dimers. After first round of hemi nested protocol one
typically sees 99% non-targeted DNA, however, after sec-
ond round there is typically a big improvement. As readily
apparent, the primers for the first STA can be considered a
multiplex set of Reverse primers and one (or few) tag-
specific Forward primers, and the primers for the second
STA can be considered a universal tag-specific Reverse
primer and target specific Forward primer(s).

[0433] Triply Hemi-Nested Mini-PCR:

[0434] (see FIG. 5) It is possible to use target DNA that
has and adaptor at the fragment ends. STA is performed
comprising a multiplex set of Forward primers (B) and one
(or few) tag-specific Reverse primers (A) and (a). A second
STA can be performed using a universal tag-specific For-
ward primer and target specific Reverse primer. 101 denotes
double stranded DNA with a polymorphic locus of interest
at X. 102 denotes the double stranded DNA with ligation
adaptors added for universal amplification. 103 denotes the
single stranded DNA that has been universally amplified
with Reverse Primer A hybridized. 104 denotes the PCR
product from 103 that was amplified using Reverse primer
A and ligation adaptor tag primer LT. 105 denotes the
product from 104 with Forward primer B hybridized. 106
denotes the PCR product from 105 that was amplified using
Reverse primer A and Forward primer B. 107 denotes the
product from 106 with Reverse primer ‘a’ hybridized. 108
denotes the final PCR product. Note that in this example,
primers ‘a’ and B may be considered to be inner primers, and
A may be considered to be a first primer. Optionally, both A
and B may be considered to be first primers, and ‘a’ may be
considered to be an inner primer. The designation of reverse
and forward primers may be switched. In this workflow,
target specific Forward and Reverse primers are used in
separate reactions, thereby reducing the complexity of the
reaction and preventing dimer formation of forward and
reverse primers. This method is a big improvement on direct
PCR as it is as good as direct PCR, but it avoids primer
dimers. After first round of hemi nested protocol one typi-
cally sees 99% non-targeted DNA, however, after second
round there is typically a big improvement.

[0435] One-Sided Nested Mini-PCR:

[0436] (see FIG. 6) It is possible to use target DNA that
has an adaptor at the fragment ends. STA may also be
performed with a multiplex set of nested Forward primers
and using the ligation adapter tag as the Reverse primer. A
second STA may then be performed using a set of nested
Forward primers and a universal Reverse primer. 101
denotes double stranded DNA with a polymorphic locus of
interest at X. 102 denotes the double stranded DNA with
ligation adaptors added for universal amplification. 103
denotes the single stranded DNA that has been universally
amplified with Forward Primer A hybridized. 104 denotes
the PCR product from 103 that was amplified using Forward
primer A and ligation adaptor tag Reverse primer LT. 105
denotes the product from 104 with nested Forward primer a
hybridized. 106 denotes the final PCR product. This method
can detect shorter target sequences than standard PCR by
using overlapping primers in the first and second STAs. The
method is typically performed off a sample of DNA that has
already undergone STA step 1 above-appending of universal
tags and amplification; the two nested primers are only on
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one side, other side uses the library tag. The method was
performed on libraries of apoptotic supernatants and preg-
nancy plasma. With this workflow around 60% of sequences
mapped to the intended targets. Note that reads that con-
tained the reverse adaptor sequence were not mapped, so this
number is expected to be higher if those reads that contain
the reverse adaptor sequence are mapped

[0437] One-Sided Mini-PCR:

[0438] It is possible to use target DNA that has an adaptor
at the fragment ends (see FIG. 7). STA may be performed
with a multiplex set of Forward primers and one (or few)
tag-specific Reverse primer. 101 denotes double stranded
DNA with a polymorphic locus of interest at X. 102 denotes
the double stranded DNA with ligation adaptors added for
universal amplification. 103 denotes the single stranded
DNA with Forward Primer A hybridized. 104 denotes the
PCR product from 103 that was amplified using Forward
primer A and ligation adaptor tag Reverse primer LT, and
which is the final PCR product. This method can detect
shorter target sequences than standard PCR. However it may
be relatively unspecific, as only one target specific primer is
used. This protocol is effectively half of the one sided nested
mini PCR

[0439] Reverse Semi-Nested Mini-PCR:

[0440] It is possible to use target DNA that has an adaptor
at the fragment ends (see FIG. 8). STA may be performed
with a multiplex set of Forward primers and one (or few)
tag-specific Reverse primer. 101 denotes double stranded
DNA with a polymorphic locus of interest at X. 102 denotes
the double stranded DNA with ligation adaptors added for
universal amplification. 103 denotes the single stranded
DNA with Reverse Primer B hybridized. 104 denotes the
PCR product from 103 that was amplified using Reverse
primer B and ligation adaptor tag Forward primer LT. 105
denotes the PCR product 104 with hybridized Forward
Primer A, and inner Reverse primer ‘b’. 106 denotes the
PCR product that has been amplified from 105 using For-
ward primer A and Reverse primer ‘b’, and which is the final
PCR product. This method can detect shorter target
sequences than standard PCR.

[0441] There also may be more variants that are simply
iterations or combinations of the above methods such as
doubly nested PCR, where three sets of primers are used.
Another variant is one-and-a-half sided nested mini-PCR,
where STA may also be performed with a multiplex set of
nested Forward primers and one (or few) tag-specific
Reverse primer.

[0442] Note that in all of these variants, the identity of the
Forward primer and the Reverse primer may be inter-
changed. Note that in some embodiments, the nested variant
can equally well be run without the initial library preparation
that comprises appending the adapter tags, and a universal
amplification step. Note that in some embodiments, addi-
tional rounds of PCR may be included, with additional
Forward and/or Reverse primers and amplification steps;
these additional steps may be particularly useful if it is
desirable to further increase the percent of DNA molecules
that correspond to the targeted loci.

Nesting Workflows

[0443] There are many ways to perform the amplification,
with different degrees of nesting, and with different degrees
of multiplexing. In FIG. 9, a flow chart is given with some
of the possible workflows. Note that the use of 10,000-plex
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PCR is only meant to be an example; these flow charts
would work equally well for other degrees of multiplexing.

Looped Ligation Adaptors

[0444] When adding universal tagged adaptors for
example for the purpose of making a library for sequencing,
there are a number of ways to ligate adaptors. One way is to
blunt end the sample DNA, perform A-tailing, and ligate
with adaptors that have a T-overhang. There are a number of
other ways to ligate adaptors. There are also a number of
adaptors that can be ligated. For example, a Y-adaptor can be
used where the adaptor consists of two strands of DNA
where one strand has a double strand region, and a region
specified by a forward primer region, and where the other
strand specified by a double strand region that is comple-
mentary to the double strand region on the first strand, and
a region with a reverse primer. The double stranded region,
when annealed, may contain a T-overhang for the purpose of
ligating to double stranded DNA with an A overhang.
[0445] In an embodiment, the adaptor can be a loop of
DNA where the terminal regions are complementary, and
where the loop region contains a forward primer tagged
region (LFT), a reverse primer tagged region (LRT), and a
cleavage site between the two (See FIG. 10). 101 refers to
the double stranded, blunt ended target DNA. 102 refers to
the A-tailed target DNA. 103 refers to the looped ligation
adaptor with T overhang ‘T’ and the cleavage site ‘Z’. 104
refers to the target DNA with appended looped ligation
adaptors. 105 refers to the target DNA with the ligation
adaptors appended cleaved at the cleavage site. LFT refers
to the ligation adaptor Forward tag, and the LRT refers to the
ligation adaptor Reverse tag. The complementary region
may end on a T overhang, or other feature that may be used
for ligation to the target DNA. The cleavage site may be a
series of uracils for cleavage by UNG, or a sequence that
may be recognized and cleaved by a restriction enzyme or
other method of cleavage or just a basic amplification. These
adaptors can be uses for any library preparation, for
example, for sequencing. These adaptors can be used in
combination with any of the other methods described herein,
for example the mini-PCR amplification methods.

Internally Tagged Primers

[0446] When using sequencing to determine the allele
present at a given polymorphic locus, the sequence read
typically begins upstream of the primer binding site (a), and
then to the polymorphic site (X). Tags are typically config-
ured as shown in FIG. 11, left. 101 refers to the single
stranded target DNA with polymorphic locus of interest ‘X,
and primer ‘a’ with appended tag ‘b’. In order to avoid
nonspecific hybridization, the primer binding site (region of
target DNA complementary to ‘a’) is typically 18 to 30 bp
in length. Sequence tag ‘b’ is typically about 20 bp; in theory
these can be any length longer than about 15 bp, though
many people use the primer sequences that are sold by the
sequencing platform company. The distance ‘d’ between ‘a’
and ‘X’ may be at least 2 bp so as to avoid allele bias. When
performing multiplexed PCR amplification using the meth-
ods disclosed herein or other methods, where careful primer
design is necessary to avoid excessive primer primer inter-
action, the window of allowable distance ‘d’ between ‘a’ and
‘X’ may vary quite a bit: from 2 bp to 10 bp, from 2 bp to
20 bp, from 2 bp to 30 bp, or even from 2 bp to more than
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30 bp. Therefore, when using the primer configuration
shown in FIG. 11, left, sequence reads must be a minimum
of 40 bp to obtain reads long enough to measure the
polymorphic locus, and depending on the lengths of ‘a’ and
‘d’ the sequence reads may need to be up to 60 or 75 bp.
Usually, the longer the sequence reads, the higher the cost
and time of sequencing a given number of reads, therefore,
minimizing the necessary read length can save both time and
money. In addition, since, on average, bases read earlier on
the read are read more accurately than those read later on the
read, decreasing the necessary sequence read length can also
increase the accuracy of the measurements of the polymor-
phic region.

[0447] In an embodiment, termed internally tagged prim-
ers, the primer binding site (a) is split in to a plurality of
segments (a', a", a™ . . . ), and the sequence tag (b) is on a
segment of DNA that is in the middle of two of the primer
binding sites, as shown in FIG. 11, 103. This configuration
allows the sequencer to make shorter sequence reads. In an
embodiment, a'+a" should be at least about 18 bp, and can
be as long as 30, 40, 50, 60, 80, 100 or more than 100 bp.
In an embodiment, a" should be at least about 6 bp, and in
an embodiment is between about 8 and 16 bp. All other
factors being equal, using the internally tagged primers can
cut the length of the sequence reads needed by at least 6 bp,
as much as 8 bp, 10 bp, 12 bp, 15 bp, and even by as many
as 20 or 30 bp. This can result in a significant money, time
and accuracy advantage. An example of internally tagged
primers is given in FIG. 12.

Primers with Ligation Adaptor Binding Region

[0448] One issue with fragmented DNA is that since it is
short in length, the chance that a polymorphism is close to
the end of a DNA strand is higher than for a long strand (e.g.
101, FIG. 10). Since PCR capture of a polymorphism
requires a primer binding site of suitable length on both sides
of the polymorphism, a significant number of strands of
DNA with the targeted polymorphism will be missed due to
insufficient overlap between the primer and the targeted
binding site. In an embodiment, the target DNA 101 can
have ligation adaptors appended 102, and the target primer
103 can have a region (cr) that is complementary to the
ligation adaptor tag (It) appended upstream of the designed
binding region (a) (see FIG. 13); thus in cases where the
binding region (region of 101 that is complementary to a) is
shorter than the 18 bp typically required for hybridization,
the region (cr) on the primer than is complementary to the
library tag is able to increase the binding energy to a point
where the PCR can proceed. Note that any specificity that is
lost due to a shorter binding region can be made up for by
other PCR primers with suitably long target binding regions.
Note that this embodiment can be used in combination with
direct PCR, or any of the other methods described herein,
such as nested PCR, semi nested PCR, hemi nested PCR,
one sided nested or semi or hemi nested PCR, or other PCR
protocols.

[0449] When using the sequencing data to determine
ploidy in combination with an analytical method that
involves comparing the observed allele data to the expected
allele distributions for various hypotheses, each additional
read from alleles with a low depth of read will yield more
information than a read from an allele with a high depth of
read. Therefore, ideally, one would wish to see uniform
depth of read (DOR) where each locus will have a similar
number of representative sequence reads. Therefore, it is
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desirable to minimize the DOR variance. In an embodiment,
it is possible to decrease the coefficient of variance of the
DOR (this may be defined as the standard deviation of the
DOR/the average DOR) by increasing the annealing times.
In some embodiments the annealing temperatures may be
longer than 2 minutes, longer than 4 minutes, longer than ten
minutes, longer than 30 minutes, and longer than one hour,
or even longer. Since annealing is an equilibrium process,
there is no limit to the improvement of DOR variance with
increasing annealing times. In an embodiment, increasing
the primer concentration may decrease the DOR variance.

Exemplary Amplification Methods

[0450] Improved PCR amplification methods have also
been developed that minimize or prevent interference due to
the amplification of nearby or adjacent target loci in the
same reaction volume (such as part of the sample multiplex
PCR reaction that simultaneously amplifies all the target
loci) (see, U.S. Ser. No. 61/982,245, filed Apr. 21, 2014,
U.S. Ser. No. 61/987,407, filed May 1, 2014, and U.S. Ser.
No. 62/066,514, filed Oct. 21, 2014, which are each hereby
incorporated by reference in its entirety). These methods can
be used to simultaneously amplify nearby or adjacent target
loci, which is faster and cheaper than having to separate
nearby target loci into different reaction volumes so that they
can be amplified separately to avoid interference. In par-
ticular embodiments, these methods are used to tile a region
such that the amplicons include all the nucleotides in the
region (such as an exon or all the exons of a gene such as
cystic fibrosis).

[0451] In some embodiments, the amplification of target
loci is performed using a polymerase (e.g., a DNA poly-
merase, RNA polymerase, or reverse transcriptase) with low
5'—3' exonuclease and/or low strand displacement activity.
In some embodiments, the low level of 5'—3' exonuclease
reduces or prevents the degradation of a nearby primer (e.g.,
an unextended primer or a primer that has had one or more
nucleotides added to during primer extension). In some
embodiments, the low level of strand displacement activity
reduces or prevents the displacement of a nearby primer
(e.g., an unextended primer or a primer that has had one or
more nucleotides added to it during primer extension). In
some embodiments, target loci that are adjacent to each
other (e.g., no bases between the target loci) or nearby (e.g.,
loci are within 50, 40, 30, 20, 15, 10,9, 8,7, 6, 5, 4, 3, 2,
or 1 base) are amplified. In some embodiments, the 3' end of
one locus is within 50, 40, 30, 20, 15, 10, 9,8, 7,6, 5, 4, 3,
2, or 1 base of the 5' end of next downstream locus.
[0452] In some embodiments, at least 100, 200, 500, 750,
1,000, 2,000, 5,000, 7,500; 10,000; 15,000; 19,000; 20,000;
25,000; 27,000, 28,000; 30,000, 40,000; 50,000; 75,000; or
100,000 different target loci are amplified, such as by the
simultaneous amplification in one reaction volume In some
embodiments, at least 50, 60, 70, 80, 90, 95, 96, 97, 98, 99,
or 99.5% of the amplified products are target amplicons. In
various embodiments, the amount of amplified products that
are target amplicons is between 50 to 99.5%, such as
between 60 to 99%, 70 to 98%, 80 to 98%, 90 to 99.5%, or
95 to 99.5%, inclusive. In some embodiments, at least 50,
60, 70, 80, 90, 95, 96, 97, 98, 99, or 99.5% of the target loci
are amplified (e.g, amplified at least 5, 10, 20, 30, 50, or
100-fold compared to the amount prior to amplification),
such as by the simultaneous amplification in one reaction
volume. In various embodiments, the amount target loci that
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are amplified (e.g, amplified at least 5, 10, 20, 30, 50, or
100-fold compared to the amount prior to amplification) is
between 50 to 99.5%, such as between 60 to 99%, 70 to
98%, 80 to 99%, 90 to 99.5%, 95 to 99.9%, or 98 to 99.99%
inclusive. In some embodiments, fewer non-target ampli-
cons are produced, such as fewer amplicons formed from a
forward primer from a first primer pair and a reverse primer
from a second primer pair. Such undesired non-target ampli-
cons can be produced using prior amplification methods if,
e.g., the reverse primer from the first primer pair and/or the
forward primer from the second primer pair are degraded
and/or displaced.

[0453] In some embodiments, these methods allows lon-
ger extension times to be used since the polymerase bound
to a primer being extended is less likely to degrade and/or
displace a nearby primer (such as the next downstream
primer) given the low 5'—3' exonuclease and/or low strand
displacement activity of the polymerase. In various embodi-
ments, reaction conditions (such as the extension time and
temperature) are used such that the extension rate of the
polymerase allows the number of nucleotides that are added
to a primer being extended to be equal to or greater than 80,
90, 95, 100, 110, 120, 130, 140, 150, 175, or 200% of the
number of nucleotides between the 3' end of the primer
binding site and the 5'end of the next downstream primer
binding site on the same strand.

[0454] In some embodiments, a DNA polymerase is used
produce DNA amplicons using DNA as a template. In some
embodiments, a RNA polymerase is used produce RNA
amplicons using DNA as a template. In some embodiments,
a reverse transcriptase is used produce cDNA amplicons
using RNA as a template.

[0455] In some embodiments, the low level of 5'—=3'
exonuclease of the polymerase is less than 80, 70, 60, 50, 40,
30, 20, 10, 5, 1, or 0.1% of the activity of the same amount
of Thermus aquaticus polymerase (“Taq” polymerase,
which is a commonly used DNA polymerase from a ther-
mophilic bacterium, PDB 1BGX, EC 2.7.7.7, Murali et al.,
“Crystal structure of Taq DNA polymerase in complex with
an inhibitory Fab: the Fab is directed against an intermediate
in the helix-coil dynamics of the enzyme,” Proc. Natl. Acad.
Sci. USA 95:12562-12567, 1998, which is hereby incorpo-
rated by reference in its entirety) under the same conditions.
In some embodiments, the low level of strand displacement
activity of the polymerase is less than 80, 70, 60, 50, 40, 30,
20, 10, 5, 1, or 0.1% of the activity of the same amount of
Taq polymerase under the same conditions.

[0456] In some embodiments, the polymerase is a PUSH-
ION DNA polymerase, such as PHUSION High Fidelity
DNA polymerase (M0530S, New England BiolLabs, Inc.) or
PHUSION Hot Start Flex DNA polymerase (M0535S, New
England BiolLabs, Inc.; Frey and Suppman BioChemica.
2:34-35, 1995; Chester and Marshak Aralytical Biochemis-
try. 209:284-290, 1993, which are each hereby incorporated
by reference in its entirety). The PHUSION DNA poly-
merase is a Pyrococcus-like enzyme fused with a proces-
sivity-enhancing domain.

[0457] PHUSION DNA polymerase possesses 5'—3'
polymerase activity and 3'—=5' exonuclease activity, and
generates blunt-ended products. PHUSION DNA poly-
merase lacks 5'—3' exonuclease activity and strand dis-
placement activity.

[0458] In some embodiments, the polymerase is a Q5®
DNA Polymerase, such as Q5® High-Fidelity DNA Poly-
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merase (M0491S, New England BioLabs, Inc.) or Q5® Hot
Start High-Fidelity DNA Polymerase (M0493S, New Eng-
land BioLabs, Inc.). Q5® High-Fidelity DNA polymerase is
a high-fidelity, thermostable, DNA polymerase with 3'—5'
exonuclease activity, fused to a processivity-enhancing
Sso7d domain. Q5® High-Fidelity DNA polymerase lacks
5'—3' exonuclease activity and strand displacement activity.
[0459] In some embodiments, the polymerase is a T4
DNA polymerase (M0203S, New England Biolabs, Inc.;
Tabor and Struh. (1989). “DNA-Dependent DNA Poly-
merases,” In Ausebel et al. (Ed.), Current Protocols in
Molecular Biology. 3.5.10-3.5.12. New York: John Wiley &
Sons, Inc., 1989; Sambrook et al. Molecular Cloning: A
Laboratory Manual. (2nd ed.), 5.44-5.47. Cold Spring Har-
bor: Cold Spring Harbor Laboratory Press, 1989, which are
each hereby incorporated by reference in its entirety). T4
DNA Polymerase catalyzes the synthesis of DNA in the
5'—3" direction and requires the presence of template and
primer. This enzyme has a 3'—5' exonuclease activity which
is much more active than that found in DNA Polymerase 1.
T4 DNA polymerase lacks 5'—3' exonuclease activity and
strand displacement activity.

[0460] In some embodiments, the polymerase is a Sulfolo-
bus DNA Polymerase IV (M0327S, New England BiolLabs,
Inc.; (Boudsocq, et al. (2001). Nucleic Acids Res., 29:4607-
4616, 2001; McDonald, et al. (2006). Nucleic Acids Res.,
34:1102-1111, 2006, which are each hereby incorporated by
reference in its entirety). Sulfolobus DNA Polymerase 1V is
a thermostable Y-family lesion-bypass DNA Polymerase
that efficiently synthesizes DNA across a variety of DNA
template lesions McDonald, J. P. et al. (2006). Nucleic Acids
Res., 34, 1102-1111, which is hereby incorporated by ref-
erence in its entirety). Sulfolobus DNA Polymerase IV lacks
5'—3' exonuclease activity and strand displacement activity.
[0461] In some embodiments, if a primer binds a region
with a SNP, the primer may bind and amplify the different
alleles with different efficiencies or may only bind and
amplify one allele. For subjects who are heterozygous, one
of the alleles may not be amplified by the primer. In some
embodiments, a primer is designed for each allele. For
example, if there are two alleles (e.g., a biallelic SNP), then
two primers can be used to bind the same location of a target
locus (e.g., a forward primer to bind the “A” allele and a
forward primer to bind the “B” allele). Standard methods,
such as the dbSNP database, can be used to determine the
location of known SNPs, such as SNP hot spots that have a
high heterozygosity rate.

[0462] Insome embodiments, the amplicons are similar in
size. In some embodiments, the range of the length of the
target amplicons is less than 100, 75, 50, 25, 15, 10, or 5
nucleotides. In some embodiments (such as the amplifica-
tion of target loci in fragmented DNA or RNA), the length
of the target amplicons is between 50 and 100 nucleotides,
such as between 60 and 80 nucleotides, or 60 and 75
nucleotides, inclusive. In some embodiments (such as the
amplification of multiple target loci throughout an exon or
gene), the length of the target amplicons is between 100 and
500 nucleotides, such as between 150 and 450 nucleotides,
200 and 400 nucleotides, 200 and 300 nucleotides, or 300
and 400 nucleotides, inclusive.

[0463] In some embodiments, multiple target loci are
simultaneously amplified using a primer pair that includes a
forward and reverse primer for each target locus to be
amplified in that reaction volume. In some embodiments,
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one round of PCR is performed with a single primer per
target locus, and then a second round of PCR is performed
with a primer pair per target locus. For example, the first
round of PCR may be performed with a single primer per
target locus such that all the primers bind the same strand
(such as using a forward primer for each target locus). This
allows the PCR to amplify in a linear manner and reduces or
eliminates amplification bias between amplicons due to
sequence or length differences. In some embodiments, the
amplicons are then amplified using a forward and reverse
primer for each target locus.

Exemplary Whole Genome Amplification Methods

[0464] In some embodiments, a method of the present
disclosure may involve amplifying DNA, such as the use of
whole genome application to amplify a nucleic acid sample
before amplifying just the target loci. Amplification of the
DNA, a process which transforms a small amount of genetic
material to a larger amount of genetic material that com-
prises a similar set of genetic data, can be done by a wide
variety of methods, including, but not limited to polymerase
chain reaction (PCR). One method of amplifying DNA is
whole genome amplification (WGA). There are a number of
methods available for WGA: ligation-mediated PCR (LM-
PCR), degenerate oligonucleotide primer PCR (DOP-PCR),
and multiple displacement amplification (MDA). In LM-
PCR, short DNA sequences called adapters are ligated to
blunt ends of DNA. These adapters contain universal ampli-
fication sequences, which are used to amplify the DNA by
PCR. In DOP-PCR, random primers that also contain uni-
versal amplification sequences are used in a first round of
annealing and PCR. Then, a second round of PCR is used to
amplify the sequences further with the universal primer
sequences. MDA uses the phi-29 polymerase, which is a
highly processive and non-specific enzyme that replicates
DNA and has been used for single-cell analysis. The major
limitations to amplification of material from a single cell are
(1) necessity of using extremely dilute DNA concentrations
or extremely small volume of reaction mixture, and (2)
difficulty of reliably dissociating DNA from proteins across
the whole genome. Regardless, single-cell whole genome
amplification has been used successfully for a variety of
applications for a number of years. There are other methods
of amplifying DNA from a sample of DNA. The DNA
amplification transforms the initial sample of DNA into a
sample of DNA that is similar in the set of sequences, but of
much greater quantity. In some cases, amplification may not
be required.

[0465] In some embodiments, DNA may be amplified
using a universal amplification, such as WGA or MDA. In
some embodiments, DNA may be amplified by targeted
amplification, for example using targeted PCR, or circular-
izing probes. In some embodiments, the DNA may be
preferentially enriched using a targeted amplification
method, or a method that results in the full or partial
separation of desired from undesired DNA, such as capture
by hybridization approaches. In some embodiments, DNA
may be amplified by using a combination of a universal
amplification method and a preferential enrichment method.
A fuller description of some of these methods can be found
elsewhere in this document.

Exemplary Enrichment and Sequencing Methods

[0466] In an embodiment, a method disclosed herein uses
selective enrichment techniques that preserve the relative
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