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Abstract
 
 New e�orts like the 1000 Genomes Project and the Cancer Genome Atlas strive to un-
cover rare and previously undocumented allelic variation using short read whole-genome 
resequencing.  Allelic variation is typically discovered by mapping the short reads to a refer-
ence genome and then searching through the alignment, column by column, looking for 
reads that di�er from the reference sequence. In this way, homozygous and heterozygous 
allelic di�erences can be inferred. Unfortunately these predictions are only as good as the 
underlying alignments, and the more divergent a read is from the reference genome, the 
more likely it is to be misaligned or unaligned.
 To assess how problematic this is, we used the independently sequenced and as-
sembled genome of Craig Venter and its whole-genome alignment to the human reference. 
We simulated a genome re-sequencing project of Craig Venter, added heterozygous sites to 
the data, mapped the reads to hg19, and then examined the mapped data at heterozygous 
sites to determine how well the resulting alignment represents the original heterozygosity. 
At heterozygous sites where we expect to see a binomial distribution of reference and alter-
nate alleles with a mean at one half of the coverage, we see a shifted mean strongly favor-
ing the reference allele to the derived allele. This skew is due to both loss of reads that 
should map to these sites and gain of reads that should not. This phenomenon, reference 
allele bias, impacts the ability to accurately measure heterozygosity within the simulated 
Craig genome and its divergence to the reference genome. Reference allele mapping bias is 
likely to be important for all resequencing projects. It is particularly insidious at sites of no 
previously known polymorphism, i.e., the rare variant sites one might hope to discover in 
personal genome resequencing projects.
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Identifying rare heterozygous sites is hard.

... But how hard?
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Coverage Dataset TP FP FN TN Sensitivity Specificity Accuracy
6 BWA/SOAP 2157699 154277 1446805 2729437879 0.5986119 0.99994348 0.99941421

BWA/GATK 1324011 61352 2280493 2729530804 0.36732127 0.99997752 0.99914318
30 BWA/SOAP 3409874 123428 194630 2729468728 0.94600367 0.99995478 0.99988363

BWA/GATK 3482518 145150 121986 2729447006 0.96615734 0.99994682 0.99990226
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From 1-1 mapping portion of
the Hg19/Venter1 alignment,
calculate the empirical SNP 
density. 

Randomly add
SNPs from 
distribution.

Sample Illumina style paired end reads
from simulated diploid Venter autosomes
and haploid venter sex chromosomes

Base quality recalibration

Read realignment at suspicious regions

Variant Calling with “Uni�ed Genotyper”

Hg19

Venter1

Use the 1-1 mapping portion of the Venter1/Hg19 alignment to:
1. Determine which variant calls are correct, missed, or false.
2. Examine short read alignment correctness.
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Results:

The Experiment:
 * Simulate a realistic diploid individual using Craig Venter’s genome.
 * Simulate a realistic Illumina-style sequencing of the diploid genome,  
          keeping track of diploid positions and read origins.
 * Map reads and call variants using standard tools.
 * Use hg19/Venter1 genome alignment to determine mapping/ 
          variant calling correctness

Simulate Reads

Simulate Diploid Venter

Map Reads To
hg19 Reference
Sequence

Evaluate Results

Map Reads and Call Variants

Accuracy  Comparison

Experimental Conclusions
* BWA/Samtools appears more sensitive at lower coverage while  BWA/GATK looks more sensitive at higher coverage.
* GATK  appears to have higher speci�city at lower coverage, while at higher coverage both methods perform similarly.

Allele Distributions at Heterozygous Sites
6x Coverage 30x Coverage

Experimental Conclusions
* At sights with low and high coverage, the distribution of alleles is shifted toward the reference.  
* Low coverage sites are more abundant when reads are mapped with standard tools versus perfectly placed.
* High coverage sites appear to have a net increase in reads mapping to those positions.

Allele Distributions at Called Sites By Error Type
BWA/SamtoolsGenome Analysis Toolkit

6x Coverage 6x Coverage

Experimental Conclusions
* The probability of a false negative or false positive prediction is increased relative to a true positive prediction at sites where coverage is lower or higher than expected. 
* False positives appear to be the greater problem at sites with high coverage, while false negatives are the predominant form of error at sites with low coverage.
 - Possible explanation: sites with low coverage are those where reads with the alternate allele are mapped elsewhere or not mapped. Conversely, sites with high 
   coverage are the likely destination of improperly mapped reads from repetitive sequence or reads with these alternate alleles.

30x Coverage 30x Coverage

Mapping Correctness at Called Sites By Error Type
6x Coverage 30x Coverage

Experimental Conclusions
* As coverage increases, read mapping problems account for a greater proportion of
   errors.
 -  This is probably due to the number of coverage-dependent errors being
             lower, rather than a change in mapability.
* At true positive sites, the vast majority of reads are properly mapped. Is this a 
   requirement for identifying a true positive?
 -  This supports the notion that the alternate alleles are being 
    disproportionately a�ected by mapping problems.




