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CLAIMS 

What is claimed is: 

[Claim 1.] A method, implemented at a computer system that includes one or more processors 

and system memory, of quantifying a nucleic acid sample comprising nucleic acid of two or more 

contributors, the method comprising: 

sequencing amplified nucleic acid molecules from the nucleic acid sample using a nucleic 

acid sequencer to produce nucleic acid sequence reads; 

mapping the nucleic acid sequence reads to one or more polymorphism loci on a reference 

sequence using computer-implemented hashing to identify reads among the nucleic acid sequence 

reads matching any sequence of a plurality of unbiased target sequences, wherein the plurality of 

unbiased target sequences comprises: a reference target sequence that is a sub-sequences of the 

reference sequence,  the reference target sequence having a reference allele with a reference 

nucleotide at a polymorphic site; alternative target sequences each having an alternative allele with 

an alternative nucleotide at the polymorphic site; mutated reference target sequences comprising 

possible sequences that each differ from the reference target sequence by only one nucleotide at a 

site that is not the polymorphic site; mutated alternative target sequences comprising possible 

sequences that each differ from one or more of the alternative target sequences by only one 

nucleotide at a site that is not the polymorphic site; and one or more unexpected allele target 

sequences each having an unexpected allele different from the reference allele and the alternative 

allele; 

determining, using the mapped nucleic acid sequence reads, allele counts of nucleic acid 

sequence reads for one or more alleles at the one or more polymorphism loci; and 

quantifying, using a probabilistic mixture model one or more fractions of nucleic acid of 

the two or more contributors in the nucleic acid sample, wherein using the probabilistic mixture 

model comprises applying a probabilistic mixture model to the allele counts of nucleic acid 

sequence reads, and wherein the probabilistic mixture model uses probability distributions to 

model the allele counts of nucleic acid sequence reads at the one or more polymorphism loci, the 

probability distributions accounting for errors in the nucleic acid sequence reads. 
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[Claim 2.] The method of claim 1, further comprising, determining, using the one or more 

fractions of nucleic acid of the one or more contributors, a risk of a donee contributor rejecting a 

tissue or an organ transplanted from a donor contributor. 

 

[Claim 3.] The method of claim 1, wherein the probabilistic mixture model uses a single-locus 

likelihood function to model allele counts at a single polymorphism locus, the single-locus 

likelihood function comprising 

M(n1i, n2i | p1i, θ) 

wherein 
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n1i is the allele count of allele 1 at locus i, 

n2i is the allele count of allele 2 at locus i, 

p1i is an expected fraction of allele 1 at locus i, and  

θ comprises one or more model parameters. 

 

[Claim 4.] The method of claim 3, wherein p1i is modeled as a function of:  

(i) genotypes of the contributors at locus i, or gi = (g11i, ..., gD1i), which is a vector of  copy number 

of allele 1 at locus i in contributors 1…D;  

(ii) read count errors resulting from the sequencing operation, or λ; and 

(iii) fractions of nucleic acid of contributors in the nucleic acid sample, or β = (β1, …, βD), wherein 

D is the number of contributors. 

 

[Claim 5.] The method of claim 4, wherein the single-locus likelihood function comprises a 

first binomial distribution. 

 

[Claim 6.] The method of claim 5, wherein the first binomial distribution is expressed as 

follows:  

n1i ~ BN(ni, p1i) 

wherein  

n1i is an allele count of nucleic acid sequence reads for allele 1 at locus i; and 

ni is a total read count at locus i, which equals to a total genome copy numbers n". 

 

[Claim 7.] The method of claim 6, wherein the step of quantifying one or more fractions of 

nucleic acid of the two or more contributors in the nucleic acid sample comprises maximizing a 

multiple-loci likelihood function calculated from a plurality of single-locus likelihood functions. 

 

[Claim 8.] The method of claim 7, wherein the step of quantifying one or more fractions of 

nucleic acid of the two or more contributors in the nucleic acid sample comprises: 

calculating a plurality of multiple-loci likelihood values using a plurality of potential 

fraction values and a multiple-loci likelihood function of the allele counts of nucleic acid sequence 

reads determined in the step of determining allele counts of nucleic acid sequence reads for one or 

more alleles at the one or more polymorphism loci; 

identifying one or more potential fraction values associated with a maximum multiple-loci 

likelihood value; and 
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quantifying the one or more fractions of nucleic acid of the one or more contributors in the 

nucleic acid sample as the identified potential fraction value. 

 

[Claim 9.] The method of claim 7, wherein the multiple-loci likelihood function comprises: 

L(β, θ, λ, π ; n1, n2) = Πi [Σgi M(n1i, n2i | p(gi, λ, β), θ) ・ P(gi | π)] 

wherein 

L(β, θ, λ, π ; n1, n2) is the likelihood of observing allele count vectors n1 and n2 for alleles 

1 and 2; 

p(gi, λ, β) is the expected fraction or probability of observing allele 1 at locus i based on 

the contributors’ genotypes gi at locus i;  

P(gi|π) is the prior probability of observing the genotypes gi at locus i given a population 

allele frequency (π); and, 

Σgi denotes summing over a plurality of possible combinations of genotypes of the 

contributors. 

 

[Claim 10.] The method of claim 9, wherein the multiple-loci likelihood function comprises: 

L(β, λ, π ; n1, n2) = Πi [Σgi BN(n1i | ni,· p(gi, λ, β)) ・ P(gi | π)] 

 

[Claim 11.] The method of claim 10, wherein the contributors comprise two contributors and 

the likelihood function comprises: 

L(β, λ, π ; n1, n2) = Πi  Σg1ig2i  BN(n1i| ni, p1i(g1i, g2i, λ, β)) · P(g1i, g2i|π) 

wherein 

L(β, λ, π ; n1, n2) is the likelihood of observing allele count vectors n1 to n2 for alleles 1 and 

2 given parameters β and π ; 

p1i(g1i, g2i, λ, β) is a probability parameter, taken as p1' from Table 3, indicating a 

probability of allele 1 at locus i based on the two contributors’ genotypes (g1i, g2i); and 

P(g1i,g2i|π) is a prior joint probability of observing the two contributors’ genotypes given 

a population allele frequency (π). 

 

[Claim 12.] The method of claim 11, wherein the prior joint probability is calculated using 

marginal distributions P(g1i |π) and P(g2i|π) that satisfy the Hardy-Weinberg equilibrium. 
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[Claim 13.] The method of claim 12, wherein the prior joint probability is calculated using 

genetic relationship between the two contributors. 

 

 

[Claim 14.] A system quantifying a nucleic acid sample comprising nucleic acid of one or more 

contributors, the system comprising: 

(a) a sequencer configured to (i) receive nucleic acid molecules extracted from the nucleic 

acid sample, (ii) amplify the extracted nucleic acid molecules, and (iii) sequence the amplified 

nucleic acid molecules under conditions that produce nucleic acid sequence reads; and 

(b) a computer comprising one or more processors configured to: 

map the nucleic acid sequence reads to one or more polymorphism loci on a 

reference sequence using computer-implemented hashing to identify reads among the 

nucleic acid sequence reads matching any sequence of a plurality of unbiased target 

sequences, wherein 
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the plurality of unbiased target sequences comprises: a reference target sequence 

that is a sub-sequences of the reference sequence, the reference target sequence having a 

reference allele with a reference nucleotide at a polymorphic site; alternative target 

sequences each having an alternative allele with an alternative nucleotide at the 

polymorphic site; mutated reference target sequences comprising possible sequences that 

each differ from the reference target sequence by only one nucleotide at a site that is not 

the polymorphic site; mutated alternative target sequences comprising possible sequences 

that each differ from one or more of the alternative target sequences by only one nucleotide 

at a site that is not the polymorphic site; and one or more unexpected allele target sequences 

each having an unexpected allele different from the reference allele and the alternative 

allele; 

determine, using the mapped nucleic acid sequence reads, allele counts of nucleic 

acid sequence reads for one or more alleles at the one or more polymorphism loci; and 

quantify, using a probabilistic mixture model, one or more fractions of nucleic acid 

of the one or more contributors in the nucleic acid sample,  

wherein using the probabilistic mixture model comprises applying a 

probabilistic mixture model to the allele counts of nucleic acid sequence reads, and 

wherein the probabilistic mixture model uses probability distributions to 

model the allele counts of nucleic acid sequence reads at the one or more 

polymorphism loci, the probability distributions accounting for errors in the nucleic 

acid sequence reads. 

 

[Claim 15.] A computer program product comprising a non-transitory machine readable 

medium storing program code that, when executed by one or more processors of a computer 

system, causes the computer system to implement a method of quantifying a nucleic acid sample 

comprising nucleic acid of one or more contributors, said program code comprising: 

code for mapping the nucleic acid sequence reads to one or more polymorphism loci on a 

reference sequence using computer-implemented hashing to identify reads among the nucleic acid 

sequence reads matching any sequence of a plurality of unbiased target sequences, wherein the 

plurality of unbiased target sequences comprises: a reference target sequence that is a sub-
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sequences of the reference sequence, the reference target sequence having a reference allele 

with a reference nucleotide at a polymorphic site; alternative target sequences each having an 

alternative allele with an alternative nucleotide at the polymorphic site; mutated reference target 

sequences comprising possible sequences that each differ from the reference target sequence by 

only one nucleotide at a site that is not the polymorphic site; mutated alternative target sequences 

comprising possible sequences that each differ from one or more of the alternative target sequences 

by only one nucleotide at a site that is not the polymorphic site; and one or more unexpected allele 

target sequences each having an unexpected allele different from the reference allele and the 

alternative allele; 

code for determining, using the mapped nucleic acid sequence reads, allele counts of 

nucleic acid sequence reads for one or more alleles at the one or more polymorphism loci; and 

code for quantifying, using a probabilistic mixture model, one or more fractions of nucleic 

acid of the one or more contributors in the nucleic acid sample,  

wherein  

using the probabilistic mixture model comprises applying a probabilistic mixture 

model to the allele counts of nucleic acid sequence reads, and  
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the probabilistic mixture model uses probability distributions to model the allele 

counts of nucleic acid sequence reads at the one or more polymorphism loci, the probability 

distributions accounting for errors in the nucleic acid sequence reads. 

 

[Claim 16.] A method, implemented at a computer system that includes one or more processors 

and system memory, of quantifying a nucleic acid sample comprising nucleic acid of one or more 

contributors, the method comprising: 

 (a) receiving, by the one or more processors, nucleic acid sequence reads obtained from 

the nucleic acid sample; 

(b) mapping, by the one or more processors, using computer-implemented hashing , the 

nucleic acid sequence reads to one or more polymorphism loci on a reference sequence, wherein 

the plurality of unbiased target sequences comprises: a reference target sequence that is a sub-

sequences of the reference sequence, the reference target sequence having a reference allele with 

a reference nucleotide at a polymorphic site; alternative target sequences each having an alternative 

allele with an alternative nucleotide at the polymorphic site; mutated reference target sequences 

comprising possible sequences that each differ from the reference target sequence by only one 

nucleotide at a site that is not the polymorphic site; mutated alternative target sequences 

comprising possible sequences that each differ from one or more of the alternative target sequences 

by only one nucleotide at a site that is not the polymorphic site; and one or more unexpected allele 

target sequences each having an unexpected allele different from the reference allele and the 

alternative allele; 

(c) determining, using the mapped nucleic acid sequence reads and by the one or more 

processors, allele counts of nucleic acid sequence reads for one or more alleles at the one or more 

polymorphism loci; and 

 (d) quantifying, using a probabilistic mixture model and by the one or more processors, 

one or more fractions of nucleic acid of the one or more contributors in the nucleic acid sample 

and confidence of the fractions,  

wherein using the probabilistic mixture model comprises applying a probabilistic mixture 

model to the allele counts of nucleic acid sequence reads,  
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wherein the probabilistic mixture model uses probability distributions to model the allele 

counts of nucleic acid sequence reads at the one or more polymorphism loci, the probability 

distributions accounting for errors in the mapped nucleic acid sequence reads, 

and wherein the quantifying employs a computer optimization method combining multi-

iteration grid searching and a Broyden–Fletcher–Goldfarb–Shanno (BFGS) - quasi-Newton 

method. 

 


