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•  Inferring ancestral contributions to a descendant 
•  Collaborative Cross project  
• Maintained at UNC since 2006 
• Objective: 

–  Create new reproducible  
mouse strains by randomly  
combining the genomes of 
eight diverse mice strains 

•  Problem: 
–  Given an extant strain,  

which parts of its genome  
came from which founder 
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• A randomized breeding scheme was used to 
–  Mix the genomes by recombination 
–  Fix the genomes 

by selective 
inbreeding 

• A breeding funnel 
–  8 genomes go in 
–  A mosaic comes out 

• Genotyping was to 
used monitor to track  
founder contributions 
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• A Hidden Markov Model is used 
to infer the “hidden” state of  
which of the 8 founders  
contributed to which parts of 
the genome 

• A Viterbi Solution finds 
the most likely mosaic 
given a set of genotypes 
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Mosaic after 7 generations 



• DNA probes to query the state of specific
 “known” and “informative” 
Single Nucleotide Polymorphisms SNPs 

•  Each probe distinguishes 4 cases  
(“W”,”m”, ”H”, “N”) 

•  From these observations we infer the 
founder at every 
marker 
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“W” allele markers 

“m” allele markers 

                               “A”                 “H”                 “C” 
         homozygous  heterozygous  homozygous         



• Genotypes for a  
chromosome 

•  8112 probes with 
position of variant 

• Alleles are indicated 
by the nucleotide 

•  Rarely can a single maker 
resolve the founder 

• Which strain would 
you guess for the  
beginning? 
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Probe info       Founder Genotypes  Target 



• One last issue, between 1% and 5% of genotypes
 are simply wrong 

•  Technical errors 
–  A probe didn't glow bright enough 
–  A section of the array was damaged 

(fingerprints, cracks, hair, etc.) 
–  Messed up fabricating a probe’s sequence 
–  DNA was contaminated 

•  Error types: 
–  Unexpected calls (observation is uninformative) 
–  A possible, but incorrect call 
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fp = open("genotypes.csv", 'rU') !
data = fp.read().split('\n')        # break file into lines !
fp.close() !
header = data.pop(0).split(',')     # First line is header !
while (len(data[-1].strip()) < 1):  # remove extra lines !
    data.pop() !
for i, line in enumerate(data):     # make a list from each row !
    field = line.split(',') !
    field[1] = int(field[1])        # convert position to integer !
    data[i] = field !
fp.close() !

print ”Number of probes”, len(data) !

Number of Probes: 8112 !

data[1000] = ['2', 25896880, 'T', 'C', 'C', 'C', 'T', 'C', 'T', 'T', 'T'] !
data[1001] = ['2', 25914367, 'A', 'G', 'G', 'G', 'G', 'G', 'G', 'G', 'G'] !
data[1002] = ['2', 25936735, 'T', 'T', 'T', 'T', 'C', 'C', 'T', 'T', 'T'] !
data[1003] = ['2', 25940660, 'G', 'A', 'A', 'A', 'G', 'G', 'G', 'G', 'G’] !
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from math import log10 !

Nstates = 8 !
prevpos = 1 !
state = [[(float(len(data)),i) for i in xrange(Nstates)]]   # (log(p), PathToHere) !
for i in xrange(len(data)): !
    # Count expected genotypes !
    count = dict([(call, data[i][2:2+Nstates].count(call)) for call in "ACGTHN"]) !
    # Get the target genotype at this probe !
    observed = data[i][-1] !
    # Compute emission probability, assuming 5% error rate !
    if (count[observed] == 0): !
        emission = [1.0/Nstates for j in xrange(2,2+Nstates)]   # unexpected !
    else: !
        emission = [0.95/count[data[i][j]] if data[i][j] == observed else 0.05/count[data[i][j]] !
                    for j in xrange(2,2+Nstates)] !
    # compute transition probability !
    position = data[i][1] !
    delta = position - prevpos!
    prevpos = position !
    stay = ((Nstates - 1.0)*math.exp(-delta/1000000.0) + 1.0)/Nstates !
    switch = (1.0 - stay)/(Nstates - 1.0) !
    # update state probailities for all paths leading to the ith state !
    path = [] !
    for j in xrange(Nstates): !
        choices = [(log10(emission[j])+(log10(stay) if (k==j) else log10(switch))+state[-1][k][0],k) !
                   for k in xrange(Nstates)] !
        path.append(max(choices)) !
    state.append(path) !
print "Length of paths:", len(state) !



•  Recombination likelihood is modeled using an
 exponential distribution 

•  Recombinations between nearby probes are
 unlikely 

• Distant probes 
can be from 
other founders 
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Probe Spacing in Megabases 

stay = P(si,j = si,j-1) 

switch = P(si,i = sk,j-1; i≠k) 
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# backtrack !
path = state[-1] !
maxi = 0 !
maxp = path[0][0] !
for i in xrange(1,Nstates): !
    if (path[i][0] > maxp): !
        maxp = path[i][0] !
        maxi = i !
print maxi, path[maxi], header[2+maxi] !

for j in xrange(len(state)-2,-1,-1): !
    data[j].append(header[2+maxi]) !
    maxi = state[j+1][maxi][1] !

header.append("Founder") !

5 (2686.5234854121827, 5) CAST/EiJ!

fp = open("result.csv", 'w') !
fp.write(','.join(header)+'\n') !
for row in data: !
    fp.write(','.join([str(v) for v in row])+'\n') !
fp.close() !
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…
…

…
…

•  The inferred Mosaic 
•  Repeat for every 

chromosome 
• Most likely, but 

how likely? 
• Other approaches 
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€ 

P(π i = k x) =
P(x,π i = k)

P(x) Probability of sequence over all paths 

Probabilities of all paths in state k at i 



4/20/16 Comp 555   Spring 2016 14 

x = THHH     p
    FFFF (0.0228)
    BFFF (0.0013)
    FBFF (0.0004)
    BBFF (0.0019)
    FFBF (0.0004)
    BFBF (0.0000)
    FBBF (0.0006)
    BBBF (0.0028)
    FFFB (0.0038)
    BFFB (0.0002)
    FBFB (0.0001)
    BBFB (0.0003)
    FFBB (0.0057)
    BFBB (0.0003)
    FBBB (0.0085)
    BBBB (0.0384)
   P(x) = 0.0877

x = THHH    p
    FFFF (0.0228)
    FFBF (0.0004)
    FFFB (0.0038)
    FFBB (0.0057)
    BFFF (0.0013)
    BFBF (0.0000)
    BFFB (0.0002)
    BFBB (0.0003)
P(π2=F|x) = 0.0345/0.0877 = 0.3936
    FBFF (0.0004)
    FBBF (0.0006)
    FBFB (0.0001)
    FBBB (0.0085)
    BBFF (0.0019)
    BBBF (0.0028)
    BBFB (0.0003)
    BBBB (0.0384)
P(π2=B|x) = 0.0532/0.0877 = 0.6064

High probability 
output (>0.0625) 

Veterbi solution, the 
most likely sequence 
states. 

Not a lot
 worse than
 the best
 solution 

The forward-backward
 algorithm tells us how
 likely we were using
 the biased coin at the
 second flip. 
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Probability of  
emitting xi at i 

Probability of
 transitioning to  
 from state at i-1  
 to state at i 
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This is the same as computing the
 probability of a specific path or
 suffix in this case except the
 initial probability is not ½.  
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•  If hidden states were known, we could use our training data
 to estimate parameters 

•  In all likelihood we wouldn’t be given the hidden state
 sequence, π, but only the observed output stream, x 

•  An alternative is to make an intelligent guess of π, use the
 equations above to estimate parameters, then run Viterbi to
 estimate the hidden state, then reestimate the parameters and
 repeat until the state assignments or parameter values
 converge.  

•  Such iterative approaches are called Expectation
 Maximization (EM) methods of parameter estimation 
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€ 

akl =
Akl

Akq
q∈Q
∑

ek (b) =
Ek (b)
Ek (σ )

σ∈∑
∑
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Aligned DNA sequences can be represented by  a  
4· n profile matrix reflecting the frequencies  
of nucleotides in every aligned position. 



• One method of performing sequence
 comparisons to a profile is to use a HMM 

•  Emission probabilities, ei(a), from the profile 
•  Transition probabilities from our match

-mismatch matrix δij. 
• Or we can explicitly represent the insertion and

 deletion states  
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Mi, Match States 
Di, Delete States 
Ii, Insertion States 

Recall this is a model of a process,
 not a graph of a solution
 approach. However, every
 alignment is a path in this graph. 
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A path through an edit graph and the corresponding 
path through a profile HMM 


