Technical Note: Sequencing

illumina

Improved Accuracy for ELAND and Variant Calling

This Technical Note describes the improved alignment and variant calling accuracy in the latest
lllumina Secondary Analysis Package (CASAVA 1.8.2).

Introduction

lllumina’s TruSeq™ sequencing reagents have delivered significant
improvements, including increased output and better data quality. To
support these advancements, lllumina has also improved the analysis
software package. Major architectural and algorithm enhancements
offer better performance for alignment, indel finding, and variant
calling, thereby leading to global improvements such as low false
negative and low false positive rates for variants.

Alignment

The Alignment Improvements section of this document explains
the progress in the alignment step and the new alignment algorithm
ELANDvZ2e:

e An orphan aligner, which enables better insertion/deletion (indel)
searches and greater coverage.

e Repeat resolution, which aligns reads in repeats and thus results
in greater coverage.

e Performance enhancements, resulting in faster run times.

Indel Finding

The Indel Finding Improvements section of the document explains
the progress for indel detection using the module assemblelndels:

e Employs an additional method to identify indels using read pairs
that map anomalously.

e Merges indel calls detected through anomalous read pairs with
those identified through singleton/orphan reads, and combines
clusters that appear to correspond to the same event.

Variant Calling

Post-alignment calls and genotypes SNPs and small indels. The small
indels can be called directly from gaps in ELAND read alignments,
from larger indels found by the assemblelndels module, or from both
of these sources combined.

This improved workflow in CASAVA is described in the Variant Calling
Improvements section.

Global Analysis

Analysis of CASAVA 1.8 alignment and variant calling on human data
sets and the resultant improvement in coverage and false negative
and false positive rates are described in the last section of this Techni-
cal Note, Effect on Global Data Set Analysis.

ELANDv2e Alignment Improvements

CASAVA 1.8 features ELANDv2e. This updated alignment program
includes the following new features (Figure 1):

e Better repeat resolution

e A new orphan aligner

e Shorter run times with a new version of alignmentResolver

Figure 1: Improvements in ELANDv2e Workflow
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CASAVA 1.8 features several improvements in the ELANDv2e algorithm.

Repeat Resolution

ELANDv2e aligns reads in repeat regions using two new modes: semi-
repeat resolution and full repeat resolution (Figure 2). Both modes
take repetitive hits into account for the multiseed pass of ELAND. Full
repeat resolution is more sensitive and places more reads in repeat
regions, but will result in longer run time. By default, ELANDv2e runs in
semi-repeat resolution mode. Full repeat resolution can be turned on
with the option INCREASED_SENSITIVITY.
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Figure 2: Multiseed ELAND Changes
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CASAVA 1.8 multiseed ELAND changes result in more reads aligned in
repeat regions. The big difference is in step 3, where CASAVA 1.8 uses
overlapping seeds.

Orphan Alignment

ELANDv2e performs orphan alignment by identifying read pairs
for which only one of the reads aligns. ELANDv2e tries to align the
other read in a defined window (by default 450 bp). If the number
of mismatches is <10% of the read length, ELANDv2e reports the
alignment (Figure 3).

Table 1: Alignment and Mismatch Rates

vi.7 v1.8, semi-repeat | v1.8, full repeat

% % Mis- % % Mis- % % Mis-
Align match Align match Align match

Read 1 84.56 0.70 88.29 0.72 90.17 0.73

Read 2 | 81.92 1.39 85.81 1.44 87.56 1.44

Figure 3: Orphan Alignment
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Alignment Performance Improvements

The multiple component updates in CASAVA were designed to
improve overall alignment performance. To asses the performance
change, alignment percentage, mismatch rates, and CPU run times
were compared for three different configurations: CASAVA 1.7,
CASAVA 1.8 with semi-repeat resolution, and CASAVA 1.8 with full
repeat resolution. The data set consisted of three lanes of HiSeg®
data from a single sample sequenced with TruSeq v3 chemistry; the
analysis was performed on an iCompute cluster with j = 32.

As demonstrated in Table 1, CASAVA 1.8 aligns a higher percentage
of reads, with full repeat alignment performing best.This higher align-
ment rate results from the improved ability to align in more challenging
repeat regions. Remarkably, even with more reads aligned in repeat
regions, mismatch rates are still very similar.

Table 2: CPU Run Time Comparison

v1.7 vi.8 sr, v1.8 fr,
(CPU hours) | (CPU hours) @ (CPU hours)

ELAND 523.28 518.40 855.40
orphanAligner N/A 5417 31.20
PickBestPair/

) 200.77 14.67 14.97
alignmentResolver
produceAlignStats 21.65 12.43 14.55
Other Processes 25.99 0.17 0.20
Total 771.72 599.85 916.33

sr: semi-repeat, fr: full repeat.



Figure 4: Changes to the assemblelndels Workflow
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While CASAVA 1.8 provides the highest percentage of aligned reads,
this level of performance does require additional computational time
(Table 2). For the ELAND step, 1.8 full repeat resolution takes quite a
bit longer to run than semi-repeat resolution (520 hours versus 855
hours). Therefore, researchers should consider the trade-off between
higher performance and slower run time to select the type of analysis
best suited for their project.

Other algorithms have been updated in CASAVA 1.8 to improve run
times. The module alignmentResolver (previously called PickBestPair)
has been rewritten, which has resulted in much faster run times for
this step (200 hours for 1.7, versus 15 for 1.8).

The best analysis type therefore depends on the project: is a shorter
run time more important, or the highest number of aligned reads.
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Indel Finding Improvements

Indels are identified using gapped alignments (callSmallVariants
module) and local contig assembly (assemblelndels algorithm).
Typically gapped alignments can be used to efficiently identify relatively
small indels (roughly 1-10 bases in length), whereas local contig
assembly (assemblelndels) can efficiently identify much larger indels.
The greatest indel sensitivity can be achieved by generating candidate
indels from both of the sources.

In CASAVA 1.8, assemblelndels indel finding has been expanded to
use more read pair information.

assemblelndels Module Improvements

The major changes for the assemblelndels module (Grouper) are
(Figure 4):

e assemblelndels uses an additional method to identify indels. It finds
read pairs that map anomalously (for example, with unexpected
insert size), and identifies potential indels.

e assemblelndels merges indel calls detected through anomalous
read pairs with those identified through singleton/orphan reads, and
combines clusters that appear to correspond to the same event.

assemblelndels Algorithm

The assemblelndels module (Grouper) runs only during paired-read
DNA CASAVA builds. In CASAVA 1.8, it uses orphan reads and
anomalous read pairs to detect indels.

assemblelndels detects indels in five stages (Figure 5):

1. Compute clusterings of non-aligned ‘orphan reads’.

2. Compute clusterings of anomalous read pairs, with an insert
size that is anomalously large (possible deletion) or small
(possible insertion).

3. Combine clusters that appear to correspond to the same event.
Assemble them into contigs.

Align the contigs back to the genome, using the positions of
associated ‘singleton’ reads to narrow the search to a couple of
thousand bp or so.

Candidate Indels

CASAVA combines the potential indels identified by the
assemblelndels module and by gapped alignments (note that the
evidence from gapped alignments and the assemblelndels module
will be combined if both are available). It then identifies the candidate
indels, based on the number of read alignments that contain the indel.
These alignments may be from the primary alignment or from reads
used by the assemblelndels module to assemble each contig.

If the number of reads supporting a potential indel is less than 3 or less
than 2% of the total depth at the indel site, the indel cannot become

a candidate. For short indels (< 4 bp), the number of supporting

reads must be > 10% of the total depth for the indel to become a
candidate. All other potential indels become candidate indels, subject
to realignment and indel calling.
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Figure 5: assemblelndels Algorithm
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Figure 6: Changes to the Small Variant Calling Workflow
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Variant Calling Improvements
The improvements in variant calling are (Figure 6):

e SNP and small-indel calling are now unified into a single process in
the small-variant calling module, allowing both SNP and indel calls
to be based on a consistent set of read realignments, including
reads re-aligned by the assemblelndels module.

® The indel-caller has been redesigned to gather candidate
indel information from both gapped alignments and from the
assemblelndels module contig assemblies, which greatly improves
sensitivity. This also means that small indels can be called directly
from gapped alignments without running assemblelndels if a quick
analysis is desired.

e The indel-caller has been extended from the CASAVA 1.7 method to
better handle dense and overlapping indels, further improving indel
sensitivity. Additionally, the indel-caller has been extended to report
and genotype breakpoints for cases where the complete indel is either
unknown or too large to be represented by the indel-calling model.

e Reads are now locally realigned as part of the small variant calling
process, reducing the possibility of false positive SNPs due to reads
which overlap an indel by only a few bases.



Figure 7: Local Realignment Improves Variant Detection
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¢ A new SNP-calling method has been introduced in CASAVA 1.8
featuring a number of accuracy and usability improvements:

The SNP-caller’s output is now reported in conventional probabilistic
terms, providing quality scores expressing the probability that each
site contains a SNP and the probability of the most likely genotype
at that site.

The SNP-caller’s genotyping accuracy has substantially improved
as measured by both concordance to genotyping arrays and trio
inheritance conflict rates.

Local Realignment Improves Variant Detection

Alignment of reads overlapping indels can easily lead to increased
mismatches, since part of the read may not align properly. Gapped
alignment in ELANDv2e will catch some of the partially misaligned
reads, but it needs to correct five mismatches before opening a gap.
If there are fewer mismatches, reads will align improperly. This leads to
inaccurate variant calls, because the mismatches are likely the same
for a number of reads.

CASAVA 1.8 rectifies this issue by realigning reads close to potential indels,
leading to better alignments and variant calls around indels (Figure 7).

CASAVA 1.8 SNP-Caller

Site genotyping and SNP-calling in CASAVA 1.8 use a new model
(Figure 8), which is based on genotypes (as opposed to alleles in the
CASAVA 1.7 model). This site genotyping method uses a Bayesian
approach wherein a prior genotype distribution is updated based on
observed sequencing reads to produce a final predicted genotype
distribution. This final genotype distribution is summarized as a set of
quality scores. This Bayesian genotyping method is very similar to the
indel-calling method already in use since CASAVA 1.6.

Variant Genotypes

In the context of resequencing a diploid individual, a genotype for a
single site or indel indicates the two alleles that are present.

The set of diploid site genotypes considered by the CASAVA 1.8
model for SNPs are {AA,CC,GG,TT,AC,AG,AT,CG,CT,GT}. For
example, given a site in the genome with a reference base of C, the
homozygous reference genotype is CC. A prediction of a SNP at that
site is an assertion that the predicted genotype is not CC.

The CASAVA1.8 model for indels comprises three possible indel geno-
types: homozygous, heterozygous, or not present.

Note that it is possible to have high confidence that the genotype is
not the reference without having high confidence in exactly what the
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G J

genotype is at the site. In this situation there is strong evidence of a
SNP but the exact genotype at the site is less certain.

Prior Probabilities and Quality Scores

An important component of the SNP-calling model is the prior
probability distribution over diploid genotypes. The prior distribution
expresses the information available about the genotype distribution at
the site before sequencing.

The CASAVA 1.8 SNP-caller expresses this notion of prior expectation
based on a reference sequence using its ‘genomic’ prior distribution,
which is used to calculate Q(snp) and Q(max_gt). A specialized
‘polymorphic’ prior distribution is also used to compute Q(max_gt|poly_site),
which is applicable to sites where there is a greater prior expectation
of polymorphism, such as a set of sites from dbSNP (Table 3).

Genomic Prior

When resequencing an individual from a given population, there is a
strong prior expectation that a randomly selected site in the sample
assembly will be homozygous for an allele at the same locus in a
reference chromosome from the same population. This expectation of

similarity to a reference sequence in most portions of the genome is
referred to below as the ‘genomic’ prior for the model. For example,
suppose that on average 1 in 1000 sites in a sample chromosome
are expected to differ from a reference chromosome. If the reference
at a particular site is A, then the Q-score for the reference genotype
AA will be approximately 30 in the absence of any sample observa-
tions. Because of this prior, the most likely genotype would still be AA
even after observing a single non-reference basecall of modest quality.
Thus, the genomic prior has the effect of increasing the evidence re-
quired for a site to be called a SNP, and acts to reduce the rate of any
false positive SNP predictions made by the model. For this reason the
genomic prior is used to calculate the genotype probability distribution
used for Q(snp) and Q(max_gt).

Polymorphic Prior

When considering a subset of sites from a genome that are known to
be polymorphic in a population, there is a much different prior expec-
tation of the genotype distribution than in the scenario described in the
previous section for all sites in the genome. A principle difference in
this scenario is that the expectation that each site will be homozygous
for the reference allele is much lower. These sites also need to be ex-




Table 3: New Q-Scores In SNP Calling

Quality Scores Description

Q(snp) Probability that a particular site is a SNP

Probability that the true genotype at this site

Q t
(max_gt) is not the highest scoring genotype

Probability that the true genotype at this site
is not the highest scoring genotype, if this
site is known to be polymorphic

Q(max_gt|poly_site)

amined to distinguish strong evidence for the homozygous reference
genotype from a site where no observations have been made. The

polymorphic prior is used to compute the polymorphic-site genotype
quality score: Q(max_gt|poly_site), the probabilbity that the true geno-
type is not the highest scoring, if this site is known to be polymorphic

Q(snp)

The SNP caller’s site-genotyping methods take a set of base calls and
associated qualities for each site, and produce a probability distribu-
tion over the 10 diploid genotype states {AA,CC,GG,TT,AC,AG,AT,
CG,CT,GT}. Given this probability distribution, the value Q(snp) is a
Q-score expressing the probability that the site genotype is not that of
the homozygous reference.

Note that the diploid genotypes are printed out as two letter codes
representing two unphased (single-base) alleles. For each heterozy-
gous genotype the two alleles are provided in alphabetical order (e.g.
CT will be used and not TC).

For example, if the reference base is C, and the probability of the
reference genotype CC is 0.001, the value for Q(snp) is 30, reflecting
a relatively high confidence that at least one non-reference allele exists
at this site.

Q(max_gt)

The value Q(max_gt) is a Q-score expressing the probability that
the true genotype at this site is not the most likely genotype (the
value for max_gt).

For example, if the reference base is C, and the most likely genotype
(max_gt) is CT with probability 0.9, then the probability that the
genotype is not CT is 0.1, and Q(max_gt) = 10.

Q(max_gt) is calculated for both SNPs and indels.

Q(max_gt|poly_site)

The CASAVA SNP caller offers a simple approximation for analyses of
known polymorphic sites. The model produces a second genotype
call, max_gt|poly_site, and corresponding genotype Q-score, Q(max_
gt|poly_site), using a prior distribution that assumes that the site is an
‘average’ polymorphic site. This means that the model assumes that
the expected reference allele frequency at the site is 0.5, and that one
non-reference allele exists with an expected frequency of 0.5 (note
that these frequencies are slightly modified to allow for non-reference
heterozygous SNPs). This version of the genotype calculation should
provide an improvement in accuracy for applications involving a set of
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known polymorphic sites (such as a subset of doSNP), or in applica-
tions where it is important to call the reference genotype for a site only
after a sufficient amount of supporting base calls have been observed.

Note that there is no analogous value provided for polymorphic sites
by the indel model — the reference sequence is always assumed until
there is substantial evidence for an indel allele in a given region.

New Variant Calling Parameter: Theta

The parameter theta as used in the variant calling model refers to the
expected proportion of differing sites between two chromosomes
sampled from the population.

For site-genotyping, it is set by default to 1/1000, a value appropri-
ate for human re-sequencing. Raising this value, to e.g. 1/100, would
have the effect of increasing the prior expectation of a non-reference
genotype and increase Q(snp) values.

The parameter theta for indels is set to a default value of 1/10,000.

Genome-level Analysis with CASAVA 1.8

The performance differences between CASAVA 1.7 and CASAVA 1.8
were assessed using real human data sets. In this analysis, lllumina
bioinformatic scientists evaluated the alignment performance, and the
SNP and indel calling accuracy of the software.

Better Coverage and Repeat Alignment

As described above, CASAVA 1.8 has made significant improvements
in alignment to repeat regions, resulting in better coverage.

To assess the extent of this improvement, two different data sets,
both 120 GB of human sequence, were analyzed with CASAVA 1.7,
1.8 with semi-repeat alignment, and 1.8 with full-repeat alignment
(Table 4). The average whole-genome coverage went from 32.2x
for CASAVA 1.7 to 35.2x and 36.1x for CASAVA 1.8 (semi-repeat
and full repeat, respectively). This result demonstrates a significant
increase in usable data for both analysis modes.

Table 4: Average Coverage by CASAVA Version

1.7 1.8 Semi-Repeat 1.8 Full Repeat
Coverage  32.2x 35.2x 36.1x

To specifically show the effect in repeat regions, a CASAVA 1.8 full re-
peat alignment was compared against a CASAVA 1.7 alignment of the
same human sample, NA19240 (Yoruba female). The analysis focused
on repeat regions in chromosome 21. As shown in Figure 9, CASAVA
1.8 performed much better in aligning to short repeats compared to
CASAVA 1.7. The coverage of the SINE-class of short repeats is very
much improved, showing a nice uniform peak around 40x, very close
to the whole-genome coverage of 43.25x. This suggests that CASAVA
1.8 properly aligns the vast majority of reads originating from short re-
peats. CASAVA 1.7 has a much lower average coverage of these short
repeats, peaking at around 20x coverage. This indicates that many
reads mapping to short repeats are discarded by CASAVA 1.7.
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Figure 9: Alignment of Short Repeats
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CASAVA 1.8 also maps the vast majority of reads to longer repeats
from the same data set; for example, repeats of the LINE class have

a peak coverage of 43x. This is an improvement over CASAVA 1.7;
however, the change is much less dramatic, since CASAVA 1.7 already
aligns most reads to LINE repeats, with a peak coverage at 42x in the
same data set.

Table 5: Indel Call Accuracy

Validated
Indels CASAVA v1.7 CASAVA vi.8

Indels 4,625 5,132

y 5,983
no repeats (77.3%) (85.8%)
Indels 11,056 14,743

i 2 2
near repeat 5,68 (43.0%) (57.4%)

Larger and More Accurate Indel Calls

Indel calls from CASAVA 1.7 with CASAVA 1.8 (full repeat resolution)
were compared for the same NA19240 described in the previous
section. To assess the false negative rate, the calls for indels that were
present in dbSNP were filtered, then validated using capillary sequenc-
ing data of NA19240 and at least one of three additional Yoruba
samples (described in the next section). Indels close to repeats (100
bp) or without a repeat in the vicinity were examined in this analysis.

While CASAVA 1.7 and 1.8 both performed well for identifying indels in
regions without repeats, although CASAVA 1.8 demonstrated higher
performance, with 86% of the validated indels identified (Table 5). The
biggest improvement was observed for indels that are located close
to repeats, with CASAVA 1.8 identifying over 14% more indels in these
regions. The higher performance can be attributed to the improved
repeat alignment of CASAVA 1.8.

The effect of size on indels calls was evaluated between each
version. CASAVA 1.7 is generally limited to indel calls up to 10
bases long, but CASAVA 1.8 features a new orphan aligner module
that can call longer indels better (Table 6). Mendelian inheritance
violations were used to asses the false positive and false negative
detections for smaller (1-5 bps) and larger (6-300 bps) indels with
CASAVA v1.8.

Table 6: Effect of Size on Indel Calls

1-5 bps
88.6%

6-300 bps

Mendelian Agreement 77.9%

Improved SNP Calling Accuracy and Sensitivity

To examine the SNP calling accuracy, a human Yoruba trio (father,
mother, child: NA18507, NA18506, and NA18508) were sequenced at
2 x 100 bp with TruSeq v5 reagents, generating 95 Gb raw data for
each sample. SNP calls produced by CASAVA 1.7 and CASAVA 1.8
were compared for violations of Mendelian inheritance, which indicate
miscalled variants (Table 7).

Table 7: Mendelian Conflicts, Trio SNPs

CASAVA v1.7 CASAVA v1.8
Total sites (‘N’ excluded) 59,505,520 59,505,520
Called in all 3 of trio 5%7?583;2;‘9 57@67?2;;;)70
SNP Calls 134061 128520
Mendelian conflicts 5,072 162
0.0087% 0.00028%

Conflict rate

of called sites of called sites

Mendelian conflict analysis of SNP calls from CASAVA 1.7 and
CASAVA 1.8 for chromsome 20 of a human Yoruba trio.

CASAVA 1.8 demonstrated clearly improved SNP calling. Only 0.13%
of the called CASAVA 1.8 SNP sites violate Mendelian inheritance,
compared to 3.78% for CASAVA 1.7. This represents a 30-fold
decrease in miscalled variants that cause Mendelian violations.

Conclusion

Major architectural and algorithm enhancements in llumina’s CASAVA
1.8 analysis software package offer better performance for alignment,
indel finding, and variant calling.
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