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Abstract

Using our microsatellite specific genotyping method, we analyzed tandem repeats, which are
known to be highly variable with some recognized as biomarkers causative of disease, in over 500
individuals who were exon sequenced in a 1000 Genomes Project pilot study. We were able to
genotype over 97% of the microsatellite loci in the targeted regions. A total of 25,115 variations
were observed, including repeat length and single nucleotide polymorphisms, corresponding to an
average of 45.6 variations per individual and a density of 1.1 variations per kilobase. Standard
variant detection did not report 94.2% of the exonic repeat length variations in part because the
alignment techniques are not ideal for repetitive regions. Additionally some standard variation
detection tools rely on a database of known variations, making them less likely to call repeat
length variations as only a small percent of these loci (~6,000) have been accurately characterized.
A subset of the hundreds of non-synonymous variations we identified was experimentally
validated, indicating an accuracy of 96.5% for our microsatellite-based genotyping method, with
some novel variants identified in genes associated with cancer. We propose that microsatellite-
based genotyping be used as a part of large scale sequencing studies to identify novel variants.
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1. Introduction

Microsatellites are tandemly repeated units of 1-6 base pairs in length that comprise
approximately 3% of the human genome (Toth et al., 2000; Lander et al., 2001). They are
often highly variable with mutation rates dependent on several factors, including the length
of the microsatellite and its location in the genome (Fondon et al., 1998; Ellegren, 2004).
Microsatellite mutations within genes have been shown to frequently affect gene expression
and function (Ritz et al., 2001; Fondon et al., 2008). They are responsible for more than 20
neurological disorders and have been implicated in several others including autism,
Parkinson’s disease, and Huntington’s disease (Duyao et al., 1993; Eerola et al., 2010;
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Vedrine et al., 2011). Microsatellite mutations are also involved in several cancers. For
example, a microsatellite locus 4,400 bases from the transcription start site of ERBBZ2was
recently associated with breast cancer risk (Breyer et al., 2009). Also breast cancer patients’
germ line DNA was found to have a global microsatellite signature involving a dozen AT-
rich motif families (Galindo et al., 2010).

Microsatellites are highly polymorphic yet difficult to analyze en masse from next-
generation sequencing data, and thus variations at all loci have likely not been identified.
The vast difference in the reporting of microsatellites polymorphisms when compared to
other variations, such as single nucleotide polymorphisms (SNPs) and short insertions/
deletions (indels), is apparent considering that the latest release of dbSNP contains over 40
million entries for the human genome of which only 5,198 (less than 0.02%) are labeled as
microsatellite polymorphisms (Sherry et al., 2001). This is as expected as the largest genetic
map of microsatellite variation, the deCODE map, genotyped 5,136 microsatellite markers
in 146 families (Kong et al., 2002), with the NCBI sequence-tagged sites database currently
containing only 581 microsatellite sequences (Olson et al., 1989). The deCODE map was
created when microsatellites were the main loci used for linkage studies. However, now that
SNPs can be discovered faster with less genotyping cost (Syvanen, 2005) they are now the
variant most commonly studied and most thoroughly characterized.

Recent advances in methaods for obtaining reliable microsatellite genotypes from next-
generation sequencing data have potential to provide a more complete view of variations at
repetitive loci (Mclver et al., 2011; Fondon et al., 2012; Gymrek et al., 2012). However,
some methods are limited with lobSTR not able to call monomers and RepeatSeq not written
to accept reads from the LS454 platform (Highnam et al., 2012). lobSTR is also limited in
the number of microsatellite loci it can call and thus the number of variations it will detect
(Highnam et al., 2012). For example, using a whole genome sequenced 1000 Genomes
Project trio (father, mother, daughter), lobSTR called ~57% loci (25,885 of the 45,461
callable microsatellites) variable (Gymrek et al., 2012) while our original method called
~46% loci (49,316 of the 108,154 callable microsatellites) variable (Mclver et al., 2011).
RepeatSeq was tested on the trio but the global variation data was not reported (Highnam et
al., 2012). We would expect the global number of polymorphic microsatellites to be in the
range of 75,000 to 500,000 if the sequencing coverage of this study was high enough that all
~2 microsatellites in the human genome could be called (Wren et al., 2000; Payseur et al.,
2011). RepeatSeq, like our method, is able to call significantly more microsatellites than
lobSTR. However, in validating a subset of 40 discordant RepeatSeq and IobSTR calls, only
62.5% of the RepeatSeq calls were confirmed by Sanger sequencing (Highnam et al., 2012).
In this study we modify our original methods to include local alignment and introduce the
ability to accurately identify novel SNPs in repeat sequences. Additionally, with Sanger
sequencing and data from HapMap, we are able to validate 96.5% of a subset of 85 non-
synonymous variants called with our revised methods.

We applied our microsatellite genotyping method to high coverage sequencing data obtained
from a 1000 Genomes Project pilot study (Durbin et al., 2010). This pilot study used
targeted next-generation sequencing to obtain the sequences of the exons of 906 randomly
selected genes in 697 individuals (Durbin et al., 2010). We identified and experimentally
validated novel variants that were not detected by common variant calling methods. Some of
these variants are located in genes associated with cancer.
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and Discussion

2.1. Microsatellite genotypes gathered from 551 individuals representing seven

populations

The 697 genomes included in the 1000 Genomes Project Pilot study were sequenced on a
variety of second generation sequencing platforms (Durbin et al., 2010) with the samples
representing seven populations from six countries (Supplementary Table 1). Of the 697
individuals, 570 were sequenced at the minimum read length required by this study (45
bases), as this read length could span at least 98.6% of all microsatellites identified in the
targeted region, based on the allele in the reference genome. However, 19 of these 570
individuals lacked adequate read coverage to call at least one reliable microsatellite
genotype and were not considered further, leaving 551 individuals.

The average depth of coverage in targeted regions (comprising 1,423,559 bases) for the 551
individuals analyzed was 45. 5x (Supplementary Table 1). The average number of reads
which completely spanned a microsatellite locus plus at least 10 flanking bases on both ends
was 26.7 in exonic regions and 14 overall. Therefore the effective number of quality reads
for calling microsatellite genotypes was at least half the average coverage in targeted
regions. Standard variant calling methods, indel/SNP-based methods, use all reads mapped
to a microsatellite locus which artificially increases the coverage and assumed confidence of
the call. Using these reads can also lead to inaccurate microsatellite genotyping.

Microsatellite genotypes were obtained from at least one of the 551 individuals for 8,124 of
the 8,342 (97.4%) microsatellite loci, of which 2,304 exhibited some form of polymorphism,
including 335 repeat length variations and 2,086 single nucleotide polymorphisms (SNPs)
(Table 1 and 2). Variation, of either a SNP or repeat length, in 935 of the 2,304 polymorphic
microsatellites were observed in more than one individual (Table 1 and 2), with a total of
25,115 variations identified. The frequency of variations was 45.6 per genome or 1.1
variations per repetitive sequence kilobase considering 4,106.9 (standard deviation (SD) +
1,467.9) ~10 base microsatellites, on average, could be reliably genotyped for each of the
551 genomes studied. We were only able to call on average 4,106.9 microsatellites per
genome because short (<50 base) read lengths comprised the bulk of this early-second-
generation sequence data resulting in lower coverage in microsatellites within targeted
regions. The variation density of 1.1 variations per kilobase attributable to the repetitive
regions falls within the widely accepted density of polymorphic loci in the human genome,
ranging from one to three per kilobase (Pumpernik et al., 2008). Considering only variations
in coding regions, we identified 0.6 variations per kilobase, which is lower than the
predicated density of human exonic SNPs at 0.9 per kilobase (Sachidanandam et al., 2001),
possibly due to the small region we are analyzing.

The average individual variation for all genomes was approximately 1.0% with the lowest
amount of variation detected in exon regions. In a prior study, microsatellite-based
genotyping reported the average repeat length variation of the two trios (mother, father, and
daughter) sequenced by a 1000 Genomes Project pilot study was approximately 1% globally
(Mclver et al., 2011). Significantly less variation was seen in microsatellites in exons in the
trio study, with rates varying from 0.0% to 0.2% (Mclver et al., 2011). The average
individual divergence of microsatellite loci for this study (0.5%) is higher than that found in
the trio perhaps attributable to the larger statistical sampling (over 500 genomes). However,
it is in general a possibly low estimation of microsatellite variation in exons because the
majority of the microsatellites in this study (94.5%) were less than 20 bases in length, as
microsatellite mutability increases with microsatellite length (Ellegren, 2004).
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2.2. Variation at microsatellite loci shows differences between populations

The total number of variations at microsatellite loci was computed for each population
sample. The Kenyan (LWK) sample contained the highest number of variations from the
reference genome (Supplementary Table 2). This held true as well for SNPs and indels
found using standard variant calling, indel/SNP-based genotyping (Durbin et al., 2010).
Indel/SNP-based genotyping, like microsatellite-based genotyping, also identified the LWK
sample as containing the most variations from the reference genome (a total of 4,255)
(Durbin et al., 2010).

Average divergence at microsatellite loci per individual, computed by comparing each
individual in a population to the reference genome, was the highest in the Kenyan (LWK)
samples when considering only those individuals for which we could accurately genotype at
least 300 microsatellite loci (Supplementary Table 3). However, the population with the
highest number of variations also had the most individuals for which a large number of
microsatellite loci could be genotyped so these differences are most likely artifacts of
sampling.

2.3. Validation of non-synonymous exonic variations in repeat regions

We used Sanger capillary sequencing and data from HapMap (2003) to evaluate allele calls
for a subset of 85 non-synonymous exonic variations identified by microsatellite-based
genotyping. Indel/SNP-based genotyping consisted of 4.9% false negatives while
microsatellite-based genotyping resulted in 16 (18.8%) false positives. Increasing the
stringency in calling novel SNPs by requiring at least 3 reads covering a variation at 99.9%
accuracy, results in microsatellite-based genotyping calling 96.5% of the loci correctly and
reduces the rate of false positives to 3.5% while maintaining a 0% false negative rate. Indel/
SNP-based genotyping is able to call 91.9% of the loci correctly, in part because, due to low
coverage, it did not report genotypes for three loci. However, Indel/SNP-based genotyping
was slightly more successful at distinguishing between homozygous and heterozygous
variations, reporting 98.3% of the variations called accurately, with microsatellite-based
genotyping reporting 92.0% of the variations called accurately. This difference could be due
in part to the fact that microsatellite-based genotyping called all loci in the validation set
while indel/SNP-based genotyping only called 96.5% of the loci. Microsatellite-based
genotyping was able to accurately call variations at the three loci that were not genotyped by
indel/SNP-based methods. Although these loci were called homozygous, Sanger sequencing
confirmed them to be heterozygous.

The repeat length polymorphisms identified by microsatellite-based genotyping in three of
the four microsatellite loci were confirmed, including a novel repeat length variation in
cadherin-related family member 2 (CDHR?2) a gene associated with colon cancer tumor
suppression (Okazaki et al., 2002). None of these confirmed variations were identified using
indel/SNP-based genotyping methods.

One of the confirmed repeat alleles differed in the Sanger sequencing data from the
microsatellite-based genotype; a repeat length contraction identified in CLSPN, claspin, as
homozygous was determined to be heterozygous by Sanger sequencing, with the other allele
matching the sequence found in the reference genome. Microsatellite-based genotyping
failed to report the allele matching the reference as there were only six spanning reads, all of
which supported the shorter allele. We believe this is due to low coverage combined with
allelic bias, which is common in target enrichment (Sherlock et al., 1998; Wells et al., 1999).
The other variation captured at low coverage (6x) was in KANKZ, KN motif and ankyrin
repeat domains 1; Sanger sequencing indicated this microsatellite as identical to the
reference. The differences between the microsatellite-based genotyping calls and the Sanger

Gene. Author manuscript; available in PMC 2014 March 10.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Mclver et al.

Page 5

sequencing for these two loci is due to very low coverage, as the average indel calling
software requires 30x coverage for maximum accuracy (Neuman et al., 2012).

All novel variants confirmed with Sanger sequencing have been submitted to dbSNP under
the handle SGARNER. Additionally all microsatellite variations identified in the 551
individuals, along with those found in the two trios analyzed previously (Mclver et al.,
2011), are publically available on-line at MicrosatDB (http://discovery.vbi.vt.edu/
MicrosatDBY/).

2.4. Microsatellite-based genotyping improves the detection of variations

Indel/SNP-based genotyping identified over 86% of the exonic SNPs that were identified
using microsatellite-based genotyping though only reported 5.8% of the exonic repeat length
variations. The small number of microsatellites characterized in the database commonly
used by standard variation detection, dbSNP, is in part why indel/SNP-based genotyping
only reported a small percent of the microsatellite variations. Overall ~63% of the exonic
repeat length variations not identified by indel/SNP-genotyping were also not found in
dbSNP.

Over 96.3% of the exonic variations called using indel/SNP-based genotyping were located
at indels/SNPs that were previously recorded in dbSNP, indicating the database training set
has an influence on the variants reported. Indel/SNP-based genotyping using the Genome
Analysis Toolkit (GATK) (McKenna et al., 2010) along with GigaBayes (Marth, 2012) and
Atlas-Indel2 (Danny Challis, 2012) is considered to be highly reliable in identifying
previously recognized variations but requires a library, like dobSNP. Though doSNP has over
40 million entries, only approximately 5,000 are labeled as microsatellite variations, with
these likely used in the past for linkage studies (Kong et al., 2002). Adding indels located in
repetitive regions to our microsatellite count of variants in dbSNP increases it by 27,682
loci. However, the new total of possibly ~33,000 microsatellite, repeat length, variants in
dbSNP is still considerably smaller than expected; with estimates that 25% of microsatellites
are highly variable (Wren et al., 2000), we would expect to see at least 500,000 entries.
Additionally the accuracy of the 27,682 putative microsatellite variations is difficult to
determine as they were likely called with indel/SNP-based genotyping which can result in
calling errors in repetitive regions (Treangen and Salzberg, 2012). To increase the number of
microsatellite variants accurately characterized, we have created a publically available on-
line resource which contains all of the repeat length variations we have identified in
genomes sequenced from the 1000 Genomes Project (http://discovery.vbi.vt.edu/
MicrosatDBY/).

The alignment techniques used with indel/SNP-based genotyping can negatively impact
their ability to identify microsatellite variations in a variety of ways (Treangen and Salzberg,
2012). For example, the polymorphic microsatellite locus in COL3A6 (collagen (type VI)
alpha 3), which is recorded in dbSNP, was identified in this study using microsatellite based
genotyping but was not called with indel/SNP-genotyping. Considering a traditional
alignment at this locus, the majority of these reads (81.5%) do not indicate any difference
from the human reference sequence (Figure 1A). This causes standard variant detection
software to call the locus as the same as the reference genome. However, by altering the
alignment to only contain the reads that completely span the repeat and include flanking
non-repetitive bases on both ends, microsatellite-based genotyping mitigates the reference-
biased effects of these non-informative reads, so that 41.6% of the remaining reads support a
shorter CAG repeat allele (Figure 1B), resulting in a heterozygous call confirmed by Sanger
sequencing (Figure 1C). Our microsatellite-based genotyping, unlike traditional alignment
techniques, also performs local realignment allowing for approximately an additional
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million reads in this study to be used in calling variants which were not able to be aligned
using BWA.

2.5. Exonic variations identified in genes associated with cancer

From genotyping microsatellites in over 500 samples, we were able to identify many novel
polymorphic sites, some of which were located in exons. Of the 19 exonic repeat length
variations identified, only seven appear in doSNP or have been previously published (Table
3). Both novel non-synonymous SNPs and exonic repeat length variations are important to
discover, as repeat length variations can affect the gene function in a variety of ways
(Fondon et al., 2008). For example, repeat length variations can affect transcription rates,
protein-protein interactions, and transcript stability with some variations turning genes on or
off (Fondon et al., 2008).

Two repeat length variations are in genes associated with cancer. We identified a variant in
COL6AS3, a gene significantly up regulated in pancreatic cancer (Arafat et al., 2011).
Another variation was identified in CLSPN: though increased expression of CLSPN has
been seen in cancer cell lines and this gene is associated with fragile site expression and
genome instability, both of which are associated with cancer, this repeat was previously
studied and not found to be significantly associated with breast cancer (Erkko et al., 2008;
Focarelli et al., 2009). A novel variation of a single repeat unit was identified in CDHRZ, a
candidate for tumor suppression since elevated expression of CDHRZin colon cancer cells
has been shown to prevent tumor formation in vivo (Okazaki et al., 2002); the colon sample
used in the CDHRZ study was HCT116 which is known to exhibit high-frequency
microsatellite instability (Huang et al., 2011).

A novel non-synonymous SNP was identified in exon 8 of 7EX14, testis-expressed protein
14 (also named cancer/testis antigen 113). A SNP in the 5’UTR region of TEX14, rs302864,
is associated with a significantly increased risk of pancreatic cancer for individuals with
high body mass index (BMI>=30) (Couch et al., 2010). The rs302864 SNP, which is 64,936
bps upstream of the novel exonic variant we identified, has also been associated with breast
cancer (Kelemen et al., 2009). Another novel non-synonymous SNP, was identified in exon
13 of HEATRG6, HEAT repeat-containing protein 6; this gene is highly expressed in breast
cancer (Sinclair et al., 2003).

3. Conclusion

Our microsatellite-based genotyping method identified novel repeat length variations and
SNPs with the majority of repeat length variations not identified by standard variant calling
methods. We found standard variation detection software did not identify these variations
due to alignment techniques not tailored towards non-unique regions and the use of a
database which only characterizes a limited number of repeat length variations. With the
accuracy of microsatellite-based genotyping estimated at over 96%, we propose this method
be used in addition to standard variant calling methods for large scale genome sequencing
studies.

4. Materials and methods

4.1. Microsatellite identification

Microsatellites at least 10 base pairs long, with no more than one interruption to the
canonical repeat sequence for each ten bases in length (= 90% “pure”), and within 500 base
pairs of the 1000 Genomes Project Pilot targeted exon regions, were identified in human
reference genome (NCBI136/hg18) using Tandem Repeat Finder (Benson, 1999). The
parameters provided to TRF for our initial microsatellite set were: matching weight=2,

Gene. Author manuscript; available in PMC 2014 March 10.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Mclver et al.

Page 7

mismatching penalty=5, indel penalty=5, match probability=80, indel probability=10,
minimum alignment score to report=14, maximum period size to report=4. Running TRF
again with the maximum period size to report set to 6 allowed us to supplement our initial
data set with 5-mer and 6-mers. Microsatellites within or immediately adjacent to other
microsatellites or larger repetitive elements identified using RepeatMasker were removed
(Smit AFA, 1996-2012). After removing all monomers, the resulting set of microsatellite
loci totaled 8,342: 2-mer (n=353), 3-mer (n=857), 4-mer (n=2,066), 5-mer (n=1,483), and 6-
mer (n=3,603). Using genomic locations, these microsatellites were associated with all
genes they were in or near using the Refseq data provided by the UCSC Genome Browser
(Rhead et al., 2010). Microsatellites that were located in two gene regions were labeled as
belonging to the region in which most of their sequence was contained. The points 1,000
bases from the transcription start and end sites of each gene were defined as the upstream
and downstream boundaries.

4.2. ldentifying variations at microsatellite loci using microsatellite-based genotyping

The quality filtered reads from the 1000 Genomes Project (Durbin et al., 2010), at least 45
base pairs in length, were aligned to the human reference genome (NCBI36/hg18) using
BWA, with BWA-SW for 454 reads (Li and Durbin, 2009; Li et al., 2009; Durbin et al.,
2010). Next we applied microsatellite-based genotyping, which uses non-repetitive flanking
sequences to ensure reliable mapping and alignment at microsatellite loci. This approach
incorporated heuristics that were optimized to obey Mendelian inheritance of informative
loci using deep sequencing data of two trios produced in the first phase of the 1000
Genomes Project (Mclver et al., 2011). For this study we have modified our methods to
allow us to call SNPs in tandem repeats.

We start by identifying reads that completely span the repeat region plus some unique
flanking sequence on both ends. We further filtered these results using a 10 base flanking
sequence to enable comparison to the common SNP filtering window used for MAQ and
GATK (McKenna et al., 2010). Increasing this minimum flank length from 5 bases to 10
bases reduced the number of callable loci by less than 5% but increases confidence in our
alignments by relying on additional unique sequences. Those reads that were not aligned by
BWA to the reference along with the reads that were aligned to a microsatellite locus by
BWA but did not meet our unique flanking sequence criteria were run through our custom
code to determine if they should be aligned to another microsatellite locus based on flanking
sequences and a short portion of the repeat. This allows us to maximize our use of reads
with repetitive sequences, adding almost a million useable reads, and it also removes the
restriction associated with the length of BWA indel calling on our method.

Using a small portion of the repeat is essential as over half of the microsatellites in our set
have multiple alignments in the human genome if we allow the flanking sequences to be
separated by at most 200 bases. Two hundred bases was chosen as it is slightly less than the
average sequencing read length for this study considering half are from the Illumina with a
maximum of 100 bases with the remaining from the 454 with an average of 400 bases.

Next reads were grouped for each microsatellite locus based on the repeat length variations
or SNPs they contained. Then we applied the same heuristics from our first study, modified
slightly to account for the increase in coverage and the larger quantity of 454 reads. More
specifically the microsatellite loci were not allowed to have more than two allelotypes to call
a variation, after filtering those alleles supported by fewer than five reads or more than 50
reads, the average depth of coverage for all populations studied (Hudson, 2008). Average
coverage was determined for each population by selecting 10 random points in the targeted
sequencing regions for each sample, finding the coverage using SAMTOOLS, and
calculating an average for the group of individuals (Li et al., 2009).
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In the case of microsatellites which could possibly be heterozygous, they were only
considered to be heterozygous if the reads for each allele were no more than two times the
reads of the second allele. This allowed for unequal amplification, which is an issue with
whole genome sequencing, with only 17-40% of microsatellite alleles sequencing equally,
and even more of an issue with targeted sequencing (Sherlock et al., 1998; Wells et al.,
1999). Since the 454 platform is known to have errors in sequencing homopolymer regions
(Margulies et al., 2005; Wicker et al., 2006), reads from the 454 platform with homopolymer
indels were thrown out prior to performing microsatellite-based genotyping. For population
comparisons, lllumina reads were processed to remove homopolymer indels so that the
methods applied to all samples would be identical.

4.3 Validation of non-synonymous variations

A majority of the SNPs in exons that were found at known SNP locations were validated
using the alleles provided by HapMap (2003). The variations identified at known SNP
locations for which alleles were not provided by HapMap were validated by Sanger
sequencing.

DNA (cell-culture) was obtained from the Coriell Cell Repositories (Camden, New Jersey)
for the four individuals (NA12717, NA19220, NA19321, and NA20763) whose genomes
contained possible repeat length variations in exons along with 22 additional individuals for
which we identified putative SNPs. Forward and reverse primers were designed for each of
the non-synonymous variations that could not be verified using HapMap to amplify these
specific repeat regions (Supplementary Table 4). Per the manufacturer’s instructions, PCR
was performed using the Promega 2X PCR Master Mix. Next the PCR products were
cleaned using ExoSAP-IT (Affymetrix, Cleveland, Ohio) and then sequenced by the
Virginia Bioinformatics Institute Core Facility at Virginia Tech.

4.4 Comparing variations found at microsatellite loci using microsatellite-based
genotyping to those found using indel/SNP-based genotyping

The genomic locations of all variant calls, found with indel/SNP-based genotyping using
GATK (McKenna et al., 2010) along with Gigabayes (Marth, 2012) and Atlas-Indel2
(Danny Challis, 2012), were downloaded from the 1000 Genomes Project website (Durbin
et al., 2010). We searched the regions of each of the microsatellite loci analyzed in this study
for variants, including three bases on either side of the repeat.

4.5 Determining which of the variations identified were novel

The genomic locations of all known variations from dbSNP (v130) corresponding to the
hg18 release of the human reference genome were downloaded from the UCSC Genome
Tables (Rhead et al., 2010). We checked all of the variants found in all of 551 individuals
studied to determine if any variant in dbSNP was located within this region. Any variation in
this region was recorded as a possible match. Exon variations were also manually verified
using the latest release of dbSNP (v132) corresponding to hgl19 to determine if there were
any additional variations recorded (Sherry et al., 2001).

4.6 Counting the total indels in dbSNP in repetitive regions

Using the same rules as those to create the targeted set of microsatellites analyzed in this
study, we created a set of global microsatellites. This microsatellite set, composed in part of
monomers, totaled 830,153. This set includes less than half of the ~2 million which are
present in the human genome because we limited them by length, at least 12 bases on
average, and we also limited them by a purity of 90%. Those microsatellites not included are
highly unlikely to be variable as polymorphism rates increase with length and purity
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(Ellegren, 2004; Fondon et al., 2008). The dbSNP database for hg18 (v130) was searched
for any indels within these repeats, including two bases of flanking sequence on both sides
of the repetitive regions. A possible repeat length variation was recorded if any indel was
included in the dbSNP database in these regions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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(A) Ref:
SEQ ID 74592:
SEQ_ID 2869537:
SEQ_ID 7679106:
SEQ_TD 8807551:

SEQ_TD 12070758:
SEQ TD 12206959:

SEQ ID 1531358:
SEQ_ID 2923266:
SEQ ID 3587544:
SEQ_ID 3587643:
SEQ_ID 3587715:

SEQ TD 10263160:

SEQ_ID 1931311:
SEQ TD 264343:

SEQ ID 7962571:
SEQ_TD 2979623:
SEQ_ID 6180285:
SEQ_ID 3395352:
SEQ_ID 9120508:
SEQ_ID 9138431:
SEQ_ID 2012466:
SEQ_TD 3220589:
SEQ_ID 6308493:
SEQ_ID 7472536
SEQ_ID 4125481:
SEQ_ID 7374254:
SEQ_ID 5446439:

(B) Ref:

SEQ ID 264343:

SEQ ID 2979623:
SEQ ID 6180285:
SEQ ID 3395352:
SEQ ID 9120508:
SEQ ID 9138431:
SEQ ID 2012466:
SEQ ID 3220589:
SEQ ID 6308493:
SEQ ID 7472536:
SEQ ID 4125481:
SEQ ID 7374254:

(C) Ref:
PCR Sequencel:
PCR Sequence?2:

Figure 1.
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CGCCACTGGTTTTGCAGCAGCAGCAGCGGGGGGTCTTACA
CGCCACTGGTTTTGCAGCAG
CGCCACTGGTTTTGCAGCAG
CGCCACTGGTTTTGCAGCAG
CGCCACTGGTTTTGCAGCAG
CGCCACTGGTTTTGCAGCAG
CGCCACTGGTTTTGCAGCAG
CGCCACTGGTTTTGCAGCAGCAGC
CGCCACTGGTTTTGCAGCAGCAGC
CGCCACTGGTTTTGCAGCAGCAGC
CGCCACTGGTTTTGCAGCAGCAGC
CGCCACTGGTTTTGCAGCAGCAGC
CGCCACTGGTTTTGCAGCAGCAGCAGC
CGCCACTGGTTTTGCAGCAGCAGCAGCG
CGCCACTGGTTTTGCAGCAGCAGC---—-—-—-- GGGGGGTCTTA
CGCCACTGGTTTTGCAGCAGCAGCAGCGGGGGGTC
CGCCACTGGTTTTGCAGCAGCAGCAGCGGGGGGTCTTA
CGCCACTGGTTTTGCAGCAGCAGCAGCGGGGGGTCTTA
CGCCACTGGTTTTGCAGCAGCAGCAGCGGGGGGTCTTACA
CGCCACTGGTTTTGCAGCAGCAGC---—-—-—-- GGGGGGTCTTACA
CGCCACTGGTTTTGCAGCAGCAGCAGCGGGGGGTCTTACA
CGCCACTGGTTTTGCAGCAGCAGCAGCGGGGGGTCTTACA

CGCCACTGGTTTTGCAGCAGCAGC----—-—-- GGGGGGTCTTACA
CGCCACTGGTTTTGCAGCAGCAGC--———-—-- GGGGGGTCTTACA
CGCCACTGGTTTTGCAGCAGCAGC----—-—-- GGGGGGTCTTACA

GCCACTGGTTTTGCAGCAGCAGCAGCGGGGGGTCTTACA
GCCACTGGTTTTGCAGCAGCAGCAGCGGGGGGTCTTACA
CGGGGGGTCTTACA

CGCCACTGGTTTTGCAGCAGCAGCAGCGGGGGGTCTTACA
CGCCACTGGTTTTGCAGCAGCAGC-—-————-- GGGGGGTCTTA
CGCCACTGGTTTTGCAGCAGCAGCAGCGGGGGGTCTTA
CGCCACTGGTTTTGCAGCAGCAGCAGCGGGGGGTCTTA
CGCCACTGGTTTTGCAGCAGCAGCAGCGGGGGGTCTTACA
CGCCACTGGTTTTGCAGCAGCAGC----—-—-- GGGGGGTCTTACA
CGCCACTGGTTTTGCAGCAGCAGCAGCGGGGGGTCTTACA
CGCCACTGGTTTTGCAGCAGCAGCAGCGGGGGGTCTTACA

CGCCACTGGTTTTGCAGCAGCAGC--—-——-—-- GGGGGGTCTTACA
CGCCACTGGTTTTGCAGCAGCAGC-—-————-- GGGGGGTCTTACA
CGCCACTGGTTTTGCAGCAGCAGC-—-—-——--- GGGGGGTCTTACA

GCCACTGGTTTTGCAGCAGCAGCAGCGGGGGGTCTTACA
GCCACTGGTTTTGCAGCAGCAGCAGCGGGGGGTCTTACA

CGCCACTGGTTTTGCAGCAGCAGCAGCGGGGGGTCTTACA
CGCCACTGGTTTTGCAGCAGCAGC-—-—-—-—-—-- GGGGGGTCTTACA
CGCCACTGGTTTTGCAGCAGCAGCAGCGGGGGGTCTTACA

The raw reads obtained from sequencing individual NA12717 are aligned to the human
reference sequence at a polymorphic microsatellite locus in exon 39 of COL6A3. The repeat
region is shown in bold. All aligned reads are shown for indel/SNP-based genotyping, which
display a majority of reads that do not indicate a variation from the reference sequence, (A)
and microsatellite-based genotyping, which indicates a heterozygous locus with a single
codon deletion, (B) along with the consensus sequences obtained from Sanger sequencing,
which, like microsatellite-based genotyping, also indicate a heterozygous locus with a single
codon deletion in one allele with the other allele matching the reference (C).
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Table 2

Single nucleotide polymorphisms identified using microsatellite-based genotyping

Region MicrosatelliteLoci  SNPs % Homozygous
Upstream 194 38 51.6%
5’UTR 296 63 63.6%
Exon 1,311 317 64.3%
Intron 6,024 1,534 65.1%
3'UTR 389 103 70.4%
Downstream 128 31 72.4%
Total 8,342 2,086 65.1%

The total number of microsatellite loci with SNPs identified using microsatellite-based genotyping is shown. Also displayed is the percent of all
SNPs in all samples which were homozygous.
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