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affect data analyses. We conducted comprehensive simulations to compare three
alignment strategies at different mutation rates, read lengths, sequencing error
rates, human-mouse mixing ratios and sequenced regions. We also sequenced a
nasopharyngeal carcinoma xenograft and a cell line to test how the strategies
work on real data.

Results: We found the “filtering” and “combined reference” strategies performed
better than aligning reads directly to human reference in terms of alignment and
variant calling accuracies. The combined reference strategy was particularly good
at reducing false negative variants calls without significantly increasing the false
positive rate. In some scenarios the performance gain of these two special
handling strategies was too small for special handling to be cost-effective, but it
was found crucial when false non-synonymous SNVs should be minimized,
especially in exome sequencing.
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Background

Xenotransplantation is the transplantation of living cells, tissues or organs from
one species to another. Patient-derived tumor xenografts (PDX) in mice have been
used as an important model in cancer research, where human cancer cells or tumor
tissues are transplanted to immunodeficient mice to study the molecular character-
istics of the tumors, identify factors involved in malignant transformation, invasion
and metastasis, and predict the efficacy and toxicities of cancer chemotherapeutic
agents [1, 2, 3, 4, 5]. Recently, there has been a new trend of using patient-derived
tumor xenografts to develop personalized medicine and anticancer therapies tai-
lored for the patient [6]. This use of xenografts is expected to turn this traditional
research tool into large-scale clinical use.

During the expansion of a xenograft in mice, human stromal cells are largely
replaced by mouse stromal cells. When cell samples from a xenograft are extracted
for DNA sequencing, the samples could contain various amounts of mouse DNA.
In a study of 93 xenografts for studying human pancreatic cancer, the estimated
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fraction of contaminating mouse DNA ranged from 17% to as high as 73%, with
an average of 47% [7]. Due to the high similarity between the human and mouse
genomes, sequencing reads originating from mouse DNA could affect the results of
various kinds of analyses. For example, if a contaminating mouse read is aligned to
the human reference with a mismatch, the mismatch may be wrongly treated as a
single nucleotide variant (SNV) in the cancer cells. Mixed DNA could also affect
the analysis of copy number variations [8, 9].

In the literature, there is limited previous work that discusses how human se-
quencing reads with mouse contamination should be handled. Conway et al. pro-
posed two computational methods for classifying human and mouse reads [10], which
were tested on RNA-seq data from human, mouse, and human-in-mouse xenografts.
These methods, collectively called Xenome, align each read to the human and mouse
references independently, and report whether it aligns to the human reference only,
the mouse reference only, both, or neither (as well as some ambiguous cases in
the k-mer version of the method). In another study, Valdes et al. analyzed se-
quences from RNA-seq experiments that cross-aligned between the mouse and hu-
man genomes [11]. Some sequencing centers have established pipelines for mapping
sequencing reads from xenografts to both human and mouse genomes simultane-
ously and selecting the reads that map better to the human reference [12]. An
implicit assumption behind these methods is that contaminating mouse sequences
need to be specially handled in order to have accurate downstream analysis results.
In contrast, there were also studies that decided not to explicitly handle contami-
nating mouse data and assumed they would not significantly affect analysis results
as the estimated percentage of mouse DNA was low [13].

Is it necessary and cost-effective to perform special handling of human sequencing
reads contaminated with mouse data? Since special handling is not part of the
standard data processing pipelines, it may incur extra labor cost. In addition, as to
be explained below, some special handling methods require more processing time
and /or memory space. It is not very obvious whether such extra cost is worth paying
for, due to the following two reasons.

On the one hand, while the human and mouse genomes are highly similar as
compared to other more evolutionarily distant species, at the DNA level their coding
sequence similarity is only 85% on average [14]. Even for a “short” read with 50-100
nucleotides, it is not immediately clear what fraction of reads originated from mouse
would be aligned to the human reference.

On the other hand, if human and mouse genomes can indeed produce very similar
reads, it is then unclear if the benefits of special handling, such as filtering out some
mouse reads and thus reducing false calling of SN'Vs, would be offset by undesirable
side-effects, such as accidental filtering of human reads that causes some legitimate
SNVs to be missed.

To answer these questions, we have carried out a comprehensive simulation study
with sequencing reads generated from the human and mouse genomes. To take into
account various scenarios that could happen in real settings, we have considered a
large combination of values of different simulation parameters, including:

e Rate of mutation between the reference genome sequences and the mutated
sequences we used for generating short reads
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Rate of sequencing errors

Length of sequencing reads

Mixing proportion of human and mouse reads

Sequencing reads generated from exonic regions only or both exonic and non-
exonic regions

We compared three different strategies for handling the mixed human and mouse
reads, with their effectiveness evaluated by the resulting accuracies of both sequence
alignment and genetic variant identification. The use of simulated data allowed us
to compute the accuracy based on the actual origin and DNA sequence of each
sequencing read.

To further test how well the three strategies work on real data, we performed deep
sequencing of a nasopharyngeal carcinoma (NPC) PDX implanted in nude mice and
an NPC cell line that should not have mouse contamination as control. We then

applied the three strategies on these two sets of data and compared their results.

Materials and Methods

Three computational strategies for handling sequencing reads with contaminated data
Direct mapping: The first strategy we considered is to map all sequencing reads
directly to the human reference genome. There are three situations in which this
strategy would be applied. First, if the contamination rate is known or believed to
be low, or most mouse reads are unlikely to align well to the human genome due to
long read length, one may expect the contamination has limited effects on the data
analysis and apply this strategy. Second, some sequencing services may include a
standard data processing pipeline for mapping reads to the human reference, but
do not offer non-standard handling of potential mouse reads, or not without a cost.
Finally, one may be unaware of the presence of mouse contamination in the sample
and thus does not consider any special handling of the sequencing reads.

False positives are the major potential problem of this strategy. Some mouse reads
could be falsely aligned to the human reference, and the differences between these
reads and the aligned regions could be wrongly interpreted as genetic variants.
Although more unlikely, false negatives are also possible as the calling of genetic
variants could be sensitive to the portion of reads supporting each allele. For ex-
ample, in a normal sample without aneuploidy, heterozygous SNVs would be easier
to detect if the number of reads supporting each allele is close to half. In the rare
but possible event that mouse reads can align to the locus well and support one of
the two alleles, the other allele could be missed due to a reduced detection score.
There are variant callers specifically designed for tumor samples that can identify
somatic variants by comparing read counts in a tumor sample and a corresponding
control. While these callers can detect variants with reads supporting each allele
substantially deviating from the normal case, they can also be affected by false
positive and false negative reads caused by mouse contamination.

Filtering: The second strategy is to filter out mouse-like reads before mapping to
the human reference, by first aligning all sequencing reads to the mouse reference
and discarding those with a high alignment score. The remaining reads are then
collected and aligned to the human reference. The resulting set of aligned reads is
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equivalent to those that can be aligned to the human reference only by Xenome,
although in our approach not all reads need to be aligned to both references in order
to identify this subset. The filtering strategy is used when one wants to minimize the
amount of mouse reads falsely aligned to the human reference and the incorrectly
identified genetic variants thereof. For instance, it could be the strategy of choice
when one can only experimentally validate a small number of identified genetic
variants, and would thus want to minimize false positives among them.

This strategy could wrongly filter out human reads that are highly similar to some
regions in the mouse genome, leading to false negatives.

If the contamination rate is not high, most reads would be aligned twice, first to
the mouse genome (unsuccessfully) and then to the human genome. The compu-
tational time required would therefore double that of the direct mapping strategy.
Modifications to sequence alignment pipelines are also needed to extract the un-
aligned reads after mapping to the mouse reference and remap them to the human

reference.

Mapping to combined reference: The third strategy is to combine the human and
mouse reference genomes into an artificial genome, and align all sequencing reads
to it. This strategy mainly differs from the filtering strategy in how it deals with
ambiguous reads that have high sequence similarity to both human and mouse
genomes. Whereas in the filtering strategy ambiguous reads are filtered in the first
step, in the combined reference strategy each read is mapped to the most similar
region in the two genomes as long as it is the only best match in the two genomes.
The resulting set of reads cannot be directly obtained from Xenome, because the
Xenome method does not further suggest how the reads that align to both references
should be handled, but here we also report to which reference each of them aligns
better.

This strategy is expected to give a lower false negative alignment rate than the
filtering strategy, because some ambiguous reads originated from human data can
be successfully mapped to the human reference. The false positive rate is expected
to be intermediate between the other two strategies.

One disadvantage of this strategy is the need to construct a large artificial genome
of about 6 billion nucleotides. The corresponding indexing structure could take up
6G bytes of main memory, which exceeds the capacity of computing machines that
run a 32-bit operating system (with a memory limit of 4G bytes per process). There
are also implementations of alignment tools, such as an older version of Bowtie2 [15],
that cannot handle such a huge reference genome regardless of the operating system

on which it is run.

Simulation parameter profiles
Our comprehensive simulation study involved different combinations of values of
five simulation parameters. Three of these parameters with binary values were first
used to construct 8 setting profiles (Table 1).

Mutation rate is the probability for any base to be altered by an SNV or indel from
the reference genome, before the resulting mutated genome was used to generate
artificial sequencing reads. It was applied to both the human and mouse reads
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we generated. The purpose of this parameter was to investigate how the differences
between a (human or mouse) genome and the corresponding reference genome could
affect read alignment results. A high mutation rate would increase the chance for a
read generated from the human genome to be better aligned to the mouse reference
than the human reference, and vice versa. We considered two mutation rates in our
simulation study, namely zero mutation rate for studying the ideal case, and a high
mutation rate of 1% with SNV to indel ratio of 9:1, for studying the more difficult
situations.

Read length is the number of base pairs (bp) on each simulated sequencing read.
A smaller read length would increase the chance for a read to be aligned to a
wrong reference or non-uniquely aligned to two loci in a reference. Reads failing
to be unambiguously aligned to a unique location would be marked as having low
alignment quality, which would in turn affect the ability to identify any genetic
variants it contains. We considered two read lengths in our study, namely 100bp for
typical reads based on current standards, and 50bp for relatively short reads.

Error rate is the probability for a base on a simulated read to be wrongly se-
quenced. Both simulated mutation and sequencing error can produce reads that are
different from the original reference sequence, but only the latter has a correspond-
ing reduced quality score, which can be utilized by read alignment and variant
calling algorithms. We tried two different error rates in our study, namely a low
error rate of 0.01%, and a high error rate of 1%.

We considered all value combinations of these three parameters to form 8 setting
profiles (Table 1). The profiles are named systematically according to their mutation
rate (m: Low or High), read length (len: 50bp or 100bp) and error rate (e: Low or
High). For example, mH.len100.eL refers to the profile with high mutation rate,
100bp reads, and low error rate.

For each of the 8 profiles, we further considered the remaining two parameters each
with 2 settings, leading to a total of 8 x 2 x 2 = 32 sets of simulated data. The first
parameter is the human-mouse read ratio. We tried a low contamination rate of 9:1
(10% contamination), and a high contamination rate of 1:1 (50% contamination).
The second parameter is whether reads were generated from exonic regions only, or
from both exonic and non-exonic (including intronic and intergenic) regions. Since
the human and mouse genomes are more similar in exonic regions, we considered the

exome case to test if it would reduce read alignment and variant calling accuracies.

Simulated data generation

We downloaded the human and mouse reference sequences hgl9 and mml0, re-
spectively, from the UCSC Table Browser [16, 17]. For each set of parame-
ter values, we used DWGSIM (http://sourceforge.net/apps/mediawiki/dnaa/
index.php?title=Whole Genome Simulation) to generate human and mouse reads
from the corresponding references according to the specified mutation rate, read
length and error rate from the specified regions (whole genomes or exomes). Ex-
onic regions were defined according to RefSeq [18]. The amount of data generated
was equivalent to having 60 reads covering the involved regions on average. For
the case with non-exonic reads, in order to perform the large number of simulation

runs within a reasonable amount of time, we focused on human chromosome 14
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and mouse chromosome 12, which are the two most similar chromosomes in the two
genomes [19, 20], to study the worst-case situation. Reads were generated from these
two chromosomes, and were allowed to be aligned to anywhere in the genomes. We
have also repeated the simulations with reads generated from the whole genomes for
two parameter profiles, to check how much the results would be affected by focusing
on the two chromosomes.

After generating reads from each genome, we mixed them according to the spec-
ified human-mouse read ratio so that the total length of the reads is equivalent
to 60 fold of the simulated regions on the human genome. This “60x average read
depth” can be considered as the amount of data perceived by someone unaware of
the mouse contamination. The actual effective average read depth for the covered
human regions was 60x x 0.9 = 54x and 60x x 0.5 = 30x for the human-mouse
mixing ratios of 9:1 and 1:1, respectively.

Sequence alignment and calling of genetic variants

According to the read handling strategy, we aligned the generated reads to one or
both reference genomes. We used the highly accurate alignment tool Bowtie2 [15]
for read alignment. In an earlier version of Bowtie2, it could not handle the artificial
combined human and mouse genome. We therefore also used another popular tool,
BWA [21], for the combined reference strategy, to see whether the results would be
different.

We then identified genetic variants from alignment results using SAMtools [22].
We considered only variants with a Phred-scale quality score [23] of 13 or above (the
default value of samtools), which corresponds to an error probability of 10713 =
0.05012 ~ 5%.

Evaluation metrics

The effectiveness of the three strategies was compared at three levels. First, the
alignment results were compared to the actual origin of the reads to determine
alignment performance. Second, SNVs called according to the alignment results
were compared to the actual generated variants, to determine variant calling per-
formance. Finally, the functional significance of the variants was evaluated by the
performance of calling non-synonymous variants at genic regions. At all three lev-
els, the performance of the three strategies were quantified by their false discovery
rate (FDR) and false negative rate (FNR), defined as TPFJF% and TPI“;%, respec-
tively. For read alignment, TP is the number of human reads correctly aligned to
the correct position in the human reference, FP is the number of human or mouse
reads incorrectly aligned to the human reference, and FN is the number of human
reads not aligned to the human reference. For variant calling, TP is the number
of synthesized human SNVs successfully identified by the calling pipeline, FP is
the number of identified SNVs not actually synthesized, and FN is the number of
synthesized human SNVs missed by the calling pipeline.

As a baseline for evaluating how close the performance of the three strategies
was to the best case, we also produced a set of data generated from human DNA
only, and used the direct mapping strategy to align the reads. Due to the simulated
mutations, sequencing errors and non-unique sequences, even in this baseline case
the FDR and FNR could be non-zero.
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Nasopharyngeal carcinoma sequencing data

We further tested the three strategies using DNA sequencing data from an NPC
xenograft (C15 [24]) and an NPC cell line (C666-1 [25]). We estimated the mouse
contamination level in C15 to be 29.6%, based on the number of human and mouse
leptin present as determined by real time PCR using a standard curve. We per-
formed deep sequencing to produce 2.56G and 2.51G reads for C15 and C666-1,
respectively, which correspond to 82.3x and 80.9x coverage of the human reference
genome hgl9.

As with the simulated data, we applied the three strategies to align sequencing
reads to the human and mouse genomes, and identified genetic variants accordingly.
We considered the whole human and mouse genomes instead of only human chro-
mosome 14 and mouse chromosome 12. As the actual origin of each sequencing read
and the true set of genetic variants are not known, we focused on comparing the
numbers of aligned reads and variants called by the three strategies. Since C666-1
should be free of mouse contamination, the direct mapping strategy should produce
the best results. We used it as a control to test if there were any drawbacks of the
filtering and combined reference strategies.

Results and discussion

Simulated data

The complete set of results for all 32 combinations of parameter values is given in
the Supplementary Materials. Here we first use the profile mH.len100.eL. to com-
pare the direct mapping (“Direct”), filtering (“Filtering”) and combined reference
(“Combined”) strategies, using the dataset with no contamination (“No contami-
nation”) as control, based on Bowtie2 alignments. Afterwards we will compare the
results based on different setting profiles and extend the comparison to include re-
sults based on BWA alignments. In each of these subsequent parts of analysis, we
fix the values of all parameters except one, so that any difference in the alignment
and variant calling accuracies must be due to this parameter chosen to have varying

values.

Special handling is necessary in detecting functionally important SNVs
Figures 1 and 2 respectively show the read alignment and variant calling results
based on the dataset with reads generated from both exonic and non-exonic regions
of human chromosome 14 and mouse chromosome 12, and a human-mouse mixing
ratio of 1:1. In both tasks, the filtering and combined reference strategies achieved
lower FDRs than direct mapping. In fact, the FDRs of these two strategies were close
to the best-case scenario with no contamination. This performance gain came with
a price of a higher alignment FNR, especially for the combined reference strategy.
Interestingly, for variant calling, the combined reference strategy actually achieved
a lower FNR, probably due to a smaller amount of mouse reads wrongly aligned
to the human reference that could confuse the variant caller. Nonetheless, all these
differences in both FDR and FNR were within a small percentage, and thus the
cost-effectiveness of the two special handling strategies was not immediately clear.
A more obvious difference between the three strategies was revealed when their
ability to call non-synonymous SNVs was compared (Table 2). While the filtering
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strategy did not identify any false non-synonymous SNVs and the combined refer-
ence strategy identified 3, the direct mapping strategy identified 47 of them. These
false positives could seriously affect experimental validations and downstream analy-
ses. The direct mapping strategy also missed a lot more true non-synonymous SNVs
than the combined reference strategy. These results show that although overall the
alignment and variant calling accuracies of the filtering and combined reference
strategies were not substantially better than direct mapping, they could really help
in identifying the genetic variants of potential functional significance.

We repeated the simulations for two parameter profiles but had the reads gener-
ated from the whole genomes instead, to check if the alignment (Table S3 vs. Table
S8) and variant calling (Table S9 vs. S15) accuracies would be affected. We also
compared the variant calls when only variants with quality score larger than 13
were considered (Table S9) and when all identified variants were considered (Table
S10). The relative FDR and FNR of the different strategies remained almost unaf-
fected, except when the absolute differences were very small and were sensitive to
small fluctuations.

Direct mapping is sensitive to contamination rate, while filtering is more affected
by data volume

We then explored how the detection of genetic variants would be affected by the
contamination level. We compared the results at human-mouse read ratios of 9:1
and 1:1. We also included a data set with the same ratio as the 1:1 set, but a doubled
sequencing depth of 60x from each genome, to study the effects of data volume. We
call these three data sets “54x:6x”, “30x:30x” and “60x:60x”, respectively, to reflect
the effective depths of reads from the human and mouse genomes.

Figure 3 shows that both direct mapping and filtering performed better with
54x:6x than 30x:30x, which is expected as the former has a lower contamination
level. In contrast, the performance of the combined reference strategy remained
almost the same in the two cases, showing that it was not sensitive to the contam-
ination level.

In terms of FDR, the filtering strategy worked best with 60x:60x, followed by
54x:6x and worst with 30x:30x. Its performance thus appears to depend more on
the actual amount of human data present (60x, 54x and 30x, respectively) than
the contamination level. For the direct mapping strategy, it performed the best
with the 54x:6x set, followed by 30x:30x and 60x:60x, suggesting that this strategy
is more affected by the contamination level (human-mouse ratio 9:1, 1:1 and 1:1,
respectively). It is worth noting that even though the 60x:60x set contained more
reads than the 30x:30x set at the same contamination level, the variants identified
by the direct mapping strategy had a higher FDR from the former, which suggests
that when this strategy is used, producing more reads may not help when the

contamination level is high.

Ezome sequencing is much more affected by contamination

Next we studied the effects of contamination on exome sequencing. Figure 4 shows
that in terms of read alignment, the FDR of the direct mapping strategy (0.044)
was substantially higher than both filtering (0.014) and combined reference (0.018).
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This difference is much larger than the one when reads were generated from both
exonic and non-exonic regions (Figure 1, 0.011 for direct mapping vs. 0.007 for
both filtering and combined reference), indicating that a lot more exonic reads
were incorrectly aligned by the direct mapping strategy due to the higher sequence
similarity between human and mouse exons than other genomic regions. The lower
FDR of the filtering strategy came with a price of a slightly higher FNR, while the
FNR for the combined reference strategy was almost the same as direct mapping.

For the task of calling genetic variants, the filtering and combined reference strate-
gies were again superior to direct mapping in terms of FDR, with almost all variants
they called being true positives (Figure 5). In terms of FNR, all strategies appeared
to perform poorly with 38-44% true variants being missed. However, even in the
no-contamination case the FNR was about 43%, showing that these variants were
intrinsically difficult to call regardless of the contamination level.

For the task of identifying non-synonymous SNVs, the number of false positives
detected by the direct mapping strategy was much larger than filtering and com-
bined reference (Table 3). The absolute number is also substantially larger than
when reads were generated from both exonic and non-exonic regions (Table 2).
These results show that for exome sequencing, special handling is necessary for
calling variants accurately.

For the combined reference strategy, Bowtie2 aligned fewer human reads correctly
but resulted in more correctly called variants

All the above comparisons were based on Bowtie2 alignments. To see how much the
results depend on the alignment method, we have also used BWA to align reads
for a subset of the settings. Here we discuss the results based on the base case
mH.len100.eL.

In terms of read alignment, the two alignment methods produced almost the same
FDR and FNR for all three strategies, except that the FNR was lower for the com-
bined reference strategy when BWA was used (Figure 6). Surprisingly, the variant
calling FNR of the combined reference strategy was higher with BWA alignment
(Figure 7). This result suggests that there were some reads that Bowtie2 could
not align or gave a low alignment score when the combined reference strategy was
used, which were likely reads with highly similar sequences in the human and mouse
genomes. While some of these were legitimate human reads, there were probably
also a similar amount of mouse reads not wrongly aligned to the human reference.
The net result of simultaneously having more false negative alignments and less
false positive alignments seemed to have made variant calling easier and led to the
lower false negative variant calls.

For the direct mapping strategy, the variant calling FDR was higher than the
other two strategies, and the performance difference was more prominent with BWA

alignment.

Effectiveness of filtering and combined reference is insensitive to sequencing error
rate

So far we have focused on simulation results based on the mH.len100.eL profile. We
now examine how the performance of the different strategies would be affected by
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the rate of sequencing error. At both low and high error rates, all three strategies
achieved similar FNR as the no-contamination case, and only the direct mapping
strategy had a higher FDR (Figure 8). These results suggest that the filtering and
combined reference strategies were equally effective in both scenarios with their
results insensitive to the tested sequencing error rates.

Special handling has a slightly greater benefit when reads are short

Finally, we checked how the performance of the different strategies would be af-
fected by read length. Figure 9 shows that in general all strategies achieved better
performance when reads were longer, which is expected as longer reads are easier
to align correctly. The filtering and combined reference strategies consistently per-
formed better than the direct mapping strategy in terms of FDR, with a slightly
larger performance difference when reads were short. Again, there were no signifi-
cant differences between the three strategies in terms of FNR.

Nasopharyngeal carcinoma sequencing data

We then applied the three alignment strategies to our NPC sequencing data. Table 4
shows the alignment statistics. For C666-1, which is expected to contain no mouse
contamination, the filtering strategy aligned about 6 million fewer reads to the
human reference as they were aligned to the mouse reference. Most of them should be
false negatives. In comparison, the combined reference strategy aligned only about
350 thousand reads to the mouse reference, but had 60 million more reads unaligned
to either reference as compared to the filtering strategy, most of which likely had
high similarity to some regions in both references. Taking the number of reads
aligned to the mouse reference as a fraction of the number of reads aligned to either
reference, the estimated mouse contamination rates based on the direct mapping,
filtering and combined reference strategies are 0.25%, 0.26% and 0.01%, respectively.
These low values are all consistent with the expectation of zero contamination in
the data.

For C15, when all reads were aligned to the mouse reference, about 681 million
reads were successfully aligned. This number is close to the number of reads aligned
to the mouse reference by the combined reference strategy (about 676 million),
and thus can be used to estimate the amount of mouse contamination in the data.
Again, taking it as a ratio of the total number of reads aligned to either reference, the
estimated contamination rates were 27.6%, 27.8% and 27.5% for the direct mapping,
filtering and combined reference strategies, respectively, which are all close to the
29.6% based on our leptin RT-PCR results. With this fairly high contamination
rate, we expected special handling strategies would be necessary according to our
simulation results above.

Indeed, when we compared the numbers of SNVs identified by the three strategies
(Figure 10, left panel), we found that while a large number of (about 3.6 million)
variants were commonly found by all three strategies (this large number is expected
due to a known homozygous mutation in the mismatch repair gene hPMS1 in C666-
1, and the expression of high levels of the viral oncogene LMP1 in C15, which
can induce genomic instability and increase the number of mutations [26]), there
were also a significant number identified by only some strategies. For instance,
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the direct mapping strategy identified about 8,800 variants not identified by the
other strategies, most of which are believed to be false positives due to the mouse
contamination. In contrast, only about 1,300 variants were uniquely identified by the
filtering strategy. Interestingly, there were also about 3,400 variants only identified
by the combined reference strategy. In our simulation this strategy had the lowest
FNR in many settings (see Figure 2 for example), therefore we believe some of
these uniquely identified variants are legitimate variants that were missed by the
other two strategies. Similar trends are also seen for the non-synonymous SNVs
(Figure 10, right panel), where direct mapping detected 323 unique SNVs that are
likely false positives, and the combined-reference strategy detected 9 potentially
real SN'Vs missed by the other two strategies.

Conclusions

In this paper, we have used a large number of simulations to compare the per-
formance of the direct mapping, filtering and combined reference strategies when
human sequencing reads are contaminated with mouse data. We have shown that
in general, the two special handling strategies (filtering and combined reference)
performed better than the direct mapping strategy that simply aligned all human
and mouse reads to the human reference.

We found that in terms of calling non-synonymous SNVs, special handling meth-
ods were able to identify much fewer false positives than direct mapping, especially
when reads were generated from exons only. We recommend that when the precision
of the identified non-synonymous SNVs is more important than coverage, special
handling should be applied. This recommendation is supported by the large number
of variants only identified by direct mapping from C15, most of which are believed
to be false positives.

In other situations, our simulation results provide information for evaluating the
cost-effectiveness of special handling. In particular, we have shown that there are
situations in which the direct mapping strategy performed only slightly worse than
having special handling. One may use standard read processing pipelines to save
extra bioinformatics cost in such situations.

In our simulations the combined reference strategy usually identified more true
genetic variants than filtering at about the same precision. If special handling is
to be applied, we suggest that the combined reference strategy could be a better
choice.

Overall, the best strategy to take would depend on the particular parameter
setting, project goal, sample size, and resources available. We suggest using our
simulation results directly, or to perform similar simulations, to estimate the differ-
ences in alignment and variant calling accuracies of the different strategies. More
fine-grained analyses could also be performed, for example to investigate these per-
formance differences when only a certain number of the most confident variants
from each strategy are considered. These results would suggest the potential num-
bers of false positives and false negatives in these top cases, which could guide the
calculation of the relative computational and experimental costs when scaling up
the number of samples.
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Figures

Figure 1 Alignment accuracy of the base case. Alignment accuracy of different strategies under
the mH.len100.eL setting with 1:1 human-mouse mixing ratio and reads generated from both
exonic and non-exonic regions of human chromosome 14 and mouse chromosome 12.

Figure 2 Variant calling accuracy of the base case. Variant calling accuracy of different strategies
under the mH.len100.eL setting with 1:1 human-mouse mixing ratio and reads generated from
both exonic and non-exonic regions of human chromosome 14 and mouse chromosome 12.

Figure 3 Variant calling accuracy with various human-mouse mixing ratios. Variant calling
accuracy of different strategies under the mH.len100.eL setting with various human-mouse mixing
ratios and reads generated from both exonic and non-exonic regions of human chromosome 14
and mouse chromosome 12. For the no-contamination case, only human reads of the three data
sets were used.

Figure 4 Alignment accuracy of exonic reads. Alignment accuracy of different strategies under
the mH.len100.eL setting with 1:1 human-mouse mixing ratio and reads generated from exonic
regions only of the whole human and mouse genomes.

Figure 5 Variant calling accuracy of exonic reads. Variant calling accuracy of different strategies
under the mH.len100.eL setting with 1:1 human-mouse mixing ratio and reads generated from
exonic regions only of the whole human and mouse genomes.

Tables
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Figure 6 Alignment accuracy based on two alignment methods. Alignment accuracy of different
strategies based on two alignment methods, under the mH.len100.eL setting with 1:1
human-mouse mixing ratio and reads generated from both exonic and non-exonic regions of
human chromosome 14 and mouse chromosome 12.

Figure 7 Variant calling accuracy based on two alignment methods. Variant calling accuracy of
different strategies based on two alignment methods, under the mH.len100.eL setting with 1:1
human-mouse mixing ratio and reads generated from both exonic and non-exonic regions of
human chromosome 14 and mouse chromosome 12.

Figure 8 Alignment accuracy at different sequencing error rates. Alignment accuracy of
different strategies under the mH.len100.eL and mH.len100.eH settings with 1:1 human-mouse
mixing ratio and reads generated from both exonic and non-exonic regions of human chromosome
14 and mouse chromosome 12.

Figure 9 Alignment accuracy at different read lengths. Alignment accuracy of different
strategies under the mH.len100.eL and mH.len050.eL settings with 1:1 human-mouse mixing ratio
and reads generated from both exonic and non-exonic regions of human chromosome 14 and
mouse chromosome 12.

Figure 10 Number of SNVs identified from C15 according to the three alignment strategies.

Table 1 The different profiles of parameter settings considered in our study.

Profile Mutation rate  Read length  Error rate
mL.len050.eL 0O 50 0.0001
mL.len050.eH 0 50 0.01
mL.len100.eL 0O 100 0.0001
mL.len100.eH 0 100 0.01
mH.len050.eL  0.01 50 0.0001
mH.len050.eH  0.01 50 0.01
mH.len100.eL  0.01 100 0.0001
mH.len100.eH 0.01 100 0.01

Table 2 False non-synonymous SNVs called by the different strategies, with reads generated from
both exonic and non-exonic regions. False non-synonymous SNVs called by the different strategies,
and true non-synonymous SNVs missed by them, under the mH.len100.eL setting with 1:1
human-mouse mixing ratio and reads generated from both exonic and non-exonic regions of human
chromosome 14 and mouse chromosome 12.

Strategy False positive False negative
non-synonymous SNVs  non-synonymous SNVs

No contamination 0 228
Direct 47 251
Filtering 0 265
Combined 3 70

Table 3 False non-synonymous SNVs called by the different strategies, with reads generated from
only exonic regions. False non-synonymous SNVs called by the different strategies, and true
non-synonymous SNVs missed by them, under the mH.len100.eL setting with 1:1 human-mouse
mixing ratio and reads generated from exonic regions only of human chromosome 14 and mouse
chromosome 12.

Strategy False positive False negative
non-synonymous SNVs  non-synonymous SNVs

No contamination 5 159,014
Direct 551 160,374
Filtering 5 159,989
Combined 16 150,988
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Table 4 Alignment statistics of the NPC data. *: For comparison, we also aligned all reads to the
mouse reference. **: These are the numbers of reads aligned to the human reference after discarding

those aligned to the mouse reference.

Mapping strategy = Reference  Mapped reads  Unmapped reads
C666-1
Direct hgl9 2,399,396,153 111,814,507
mm10* 6,121,700 2,505,088,960
Filtering hgl9** 2,392,763,986 111,689,642
Combined hgl9 2,340,660,573
mm10 346,213 170,203,874
C15
Direct hgl9 1,786,870,566 768,689,454
mm10* 681,133,817 1,874,426,203
Filtering hgl9** 1,768,136,467 85,616,069
Combined hgl9 1,784,069,633 95,357,988

mm10

676,132,399
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Additional Files
Additional file 1 — Additional material note
Minimizing sequence alignment runs when obtaining results for all parameter setting profiles.

Additional file 2 — Full set of simulation results
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Table  Alignment Coverage Target regions Human:mouse Evaluation level
method read depth
S3 Bowtie2 hgl9:chr14+mm10:chrl2 Exonic+non-exonic  60x:60x Alignment
S4 Bowtie2 Whole hg19+Whole mm10  Exonic 60x:60x Alignment
S5 Bowtie2 hgl9:chrl44+-mm10:chrl2 Exonic+non-exonic 30x:30x Alignment
S6 Bowtie2 hgl9:chr14+mm10:chrl2 Exonic+non-exonic  54x:6x Alignment
S7 BWA hgl19:chr14+mm10:chrl2 Exonic+non-exonic  60x:60x Alignment
S8 Bowtie2 Whole hg19+Whole mm10 Exonic+non-exonic 60x:60x Alignment
S9 Bowtie2 hgl9:chr144+-mm10:chrl2 Exonic+non-exonic 60x:60x Variant calling (score>13)
S10 Bowtie2 hgl19:chr14+mm10:chrl2 Exonic+non-exonic  60x:60x Variant calling (all)
S11 Bowtie2 Whole hgl9+Whole mm10  Exonic 60x:60x Variant calling (score>13)
S12 Bowtie2 hgl9:chrl44+-mm10:chrl2 Exonic+non-exonic 30x:30x Variant calling (score>13)
S13 Bowtie2 hg19:chr14+mm10:chrl2 Exonic+non-exonic  54x:6x Variant calling (score>13)
S14 BWA hgl19:chr14+mm10:chrl2 Exonic+non-exonic  60x:60x Variant calling (score>13)
S15 Bowtie2 Whole hgl9+Whole mm10  Exonic+non-exonic ~ 60x:60x Variant calling (score>13)
S16 Bowtie2 hgl9:chrl44+mm10:chrl2 Exonic+non-exonic  60x:60x Non-synonymous SNVs (score>13)
S17 Bowtie2 Whole hgl9+Whole mm10  Exonic 60x:60x Non-synonymous SNVs (score>13)
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1 Supplementary Materials

1.1 Minimizing sequence alignment runs when obtaining
results for all parameter setting profiles

In our simulation study, a large number of parameter value combinations were
considered. It would take a long time if we perform sequence alignment for each
combination separately. In order to minimize the number of sequence alignment
runs, we developed a pipeline for maximizing the reuse of alignment results as
follows.

For each combination of mutation rate, read length, error rate and sequenced
region (exonic only or both exonic and non-exonic), we first produced 6 sets of
basic alignment results (Table 1). They are named according to the source
genome from which data (d) were generated, and the target reference (r) to
which the reads were aligned. For the source genome, “H” and “M” represent the
human and mouse genomes, respectively. For the target reference, “H”, “M” and
“H+M” represent the human, mouse, and combined reference, respectively. For
example, the mapping of sequencing reads generated from the human genome
to the mouse reference is named as dHrM.

Table 1: The six sets of basic alignment results.

Sequencing Data (d)

Human Mouse

Human dHrH dMrH

Reference (r) Mouse dHrM dMrM
Human+Mouse | dHrH+M | dMrH+M

Based on these 6 basic sets of alignment results, the results of all four strate-
gies (direct mapping, filtering, mapping to combined reference, and control case
with no contamination) were generated using set operations (Table 2). This way
of producing the alignment results for the four strategies saved a substantial
amount of time spent on sequence alignment by reusing the alignment results.
Specifically, the alignment dHrH was used three times and dMrH was used two
times. Likewise, in the tests that involved different ratios of human and mouse
reads, by using down-sampling with different mixing ratios of mouse and human
reads, we avoided generating sequencing reads for each setting from scratch and
aligning them to reference sequences.

In our simulations involving exonic and non-exonic regions of human chro-
mosome 14 and mouse chromosome 12, each round of alignment with 60x read
depth took around 1.5 hours. If one was to consider the whole genome instead
of the two selected chromosomes, the actual data size, and thus the alignment
time, would be at least twenty times bigger. Reducing the number of alignments
can significantly reduce simulation time.



Table 2: Obtaining alignment results for the four strategies based on the 6 basic
sets.

strategy Set operations
Direct dHrH U dMrH
Filtering (dHrH \ dHrM) U (dMrH \ dMrM)
Combined dHrH+M U dMrH+M
No contamination dHrH

Note: The operator symbol “\” denotes the set difference operation.



Table S3. Full Bowtie2 alignment accuracy of the different strategies under the 8 profile settings with 1:1 human-mouse mixing ratio (60x

human and 60x mouse), and reads generated from both exonic and non-exonic regions of human chromosome 14 and mouse

chromosome 12

Correctly aligned  Human/mouse reads incorrectly Unaligned
Setting profile  Alignment strategy human reads aligned to human reference humanreads FDR FNR
mL.len050.eL No contamination 126,862,076 1,957,365 7 0.0152 0.0000
Filtering 125,228,849 1,908,892 7 0.0150 0.0000
Direct 126,862,076 3,914,518 7 0.0299 0.0000
Combined 126,845,510 1,981,639 6 0.0154 0.0000
mL.len050.eH No contamination 126,162,716 2,318,699 338,033 0.0180 0.0027
Filtering 123,980,869 2,209,657 334,319 0.0175 0.0027
Direct 126,162,716 4,562,744 338,033 0.0349 0.0027
Combined 126,145,827 2,348,153 337,278 0.0183 0.0027
mL.len100.eL No contamination 64,045,828 363,896 0 0.0056 0.0000
Filtering 63,586,116 363,092 0 0.0057 0.0000
Direct 64,045,828 716,580 0 0.0111 0.0000
Combined 64,043,021 367,255 0 0.0057 0.0000
mL.len100.eH No contamination 63,906,676 480,091 22,957 0.0075 0.0004
Filtering 63,342,706 477,095 22,912 0.0075 0.0004
Direct 63,906,676 947,231 22,957 0.0146 0.0004
Combined 63,903,478 483,493 23,439 0.0075 0.0004
mH.len050.eL  No contamination 126,487,991 2,184,089 147,368 0.0170 0.0012
Filtering 125,074,753 2,137,446 146,025 0.0168 0.0012
Direct 126,487,991 3,932,757 147,368 0.0302 0.0012
Combined 126,470,832 2,211,050 147,677 0.0172 0.0012
mH.len050.eH  No contamination 124,127,228 2,798,104 1,894,116 0.0220 0.0150
Filtering 122,254,276 2,682,802 1,883,746 0.0215 0.0152
Direct 124,127,228 4,816,771 1,894,116 0.0374 0.0150
Combined 124,114,057 2,837,733 1,887,411 0.0224 0.0150
mH.len100.eL No contamination 63,973,441 427,229 9,054 0.0066 0.0001
Filtering 63,573,859 426,552 9,043 0.0067 0.0001
Direct 63,973,441 728,775 9,054 0.0113 0.0001
Combined 63,971,235 429,688 9,362 0.0067 0.0001
mH.len100.eH  No contamination 63,564,298 662,815 182,611 0.0103 0.0029
Filtering 63,068,351 659,992 182,346 0.0104 0.0029
Direct 63,564,298 1,069,940 182,611 0.0166 0.0029
Combined 63560095 667710 182969 0.0104 0.0029




Table S4. Full Bowtie2 alignment accuracy of the different strategies under the 8 profile settings with 1:1 human-mouse mixing ratio (60x
human and 60x mouse), and reads generated from only exonic regions from the whole human and mouse genomes

Correctly aligned

Human/mouse reads incorrectly

Unaligned

Setting profile Alignment strategy human reads aligned to human reference humanreads FDR FNR
mL.len050.eL No contamination 83,281,440 1,697,242 0 0.0200 0.0000
Filtering 78,446,546 1,641,524 0 0.0205 0.0000
Direct 83,281,440 5,159,526 0 0.0583 0.0000
Combined 82,807,307 2,193,132 0 0.0258 0.0000
mL.len050.eH No contamination 83,002,028 1,745,395 231,259 0.0206 0.0028
Filtering 78,441,477 1,684,473 230,112 0.0210 0.0029
Direct 83,002,028 5,185,236 231,259 0.0588 0.0028
Combined 82,525,653 2,246,145 230,272 0.0265 0.0028
mL.len100.eL No contamination 41,920,223 569,115 0 0.0134 0.0000
Filtering 39,619,248 556,892 0 0.0139 0.0000
Direct 41,920,223 2,160,967 0 0.0490 0.0000
Combined 41,719,021 771,443 0 0.0182 0.0000
mL.len100.eH No contamination 41,899,226 577,814 12,298 0.0136 0.0003
Filtering 39,315,065 563,295 12,268 0.0141 0.0003
Direct 41,899,226 2,543,413 12,298 0.0572 0.0003
Combined 41,695,305 783,020 12,241 0.0184 0.0003
mH.len050.eL  No contamination 83,159,889 1,728,171 90,622 0.0204 0.0011
Filtering 78,942,335 1,678,187 90,149 0.0208 0.0011
Direct 83,159,889 4,709,519 90,622 0.0536 0.0011
Combined 82,681,528 2,229,072 90,413 0.0263 0.0011
mH.len050.eH  No contamination 81,845,639 1,798,703 1,334,340 0.0215 0.0160
Filtering 77,869,090 1,742,505 1,329,995 0.0219 0.0168
Direct 81,845,639 4,785,444 1,334,340 0.0552 0.0160
Combined 81,378,944 2,296,764 1,328,032 0.0274 0.0161
mH.len100.eL  No contamination 41,912,192 574,030 3,116 0.0135 0.0001
Filtering 39,914,080 563,152 3,114 0.0139 0.0001
Direct 41,912,192 1,935,402 3,116 0.0441 0.0001
Combined 41,707,403 779,926 3,116 0.0184 0.0001
mH.len100.eH  No contamination 41,779,564 592,360 117,414 0.0140 0.0028
Filtering 39,489,383 579,972 117,127 0.0145 0.0030
Direct 41,779,564 2,314,598 117,414 0.0525 0.0028
Combined 41577579 796838 116159 0.0188 0.0028




Table S5. Full Bowtie2 alignment accuracy of the different strategies under the 8 profile settings with 1:1 human-mouse mixing ratio (30x

human and 30x mouse), and reads generated from both exonic and non-exonic regions of human chromosome 14 and mouse

chromosome 12

Correctly aligned  Human/mouse reads incorrectly Unaligned
Setting profile  Alignment strategy human reads aligned to human reference humanreads FDR FNR
mL.len050.eL No contamination 63,426,289 979,757 2 0.0152 0.0000
Filtering 63,017,890 1,458,058 2 0.0226 0.0000
Direct 63,426,289 1,959,152 2 0.0300 0.0000
Combined 63,418,349 991,515 4 0.0154 0.0000
mL.len050.eH No contamination 63,075,768 1,160,741 169,539 0.0181 0.0027
Filtering 62,531,140 1,695,284 168,624 0.0264 0.0027
Direct 63,075,768 2,283,719 169,539 0.0349 0.0027
Combined 63,067,417 1,175,286 169,208 0.0183 0.0027
mL.len100.eL No contamination 32,017,983 182,451 0 0.0057 0.0000
Filtering 31,903,306 270,703 0 0.0084 0.0000
Direct 32,017,983 358,744 0 0.0111 0.0000
Combined 32,016,806 183,906 0 0.0057 0.0000
mL.len100.eH No contamination 31,948,608 240,315 11,511 0.0075 0.0004
Filtering 31,808,295 356,548 11,501 0.0111 0.0004
Direct 31,948,608 474,114 11,511 0.0146 0.0004
Combined 31,946,979 242,010 11,793 0.0075 0.0004
mH.len050.eL  No contamination 63,237,816 1,094,843 73,389 0.0170 0.0012
Filtering 62,883,561 1,521,292 73,100 0.0236 0.0012
Direct 63,237,816 1,969,672 73,389 0.0302 0.0012
Combined 63,230,712 1,106,526 73,807 0.0172 0.0012
mH.len050.eH  No contamination 62,058,649 1,399,020 948,379 0.0220 0.0151
Filtering 61,591,531 1,875,546 945,802 0.0296 0.0151
Direct 62,058,649 2,409,163 948,379 0.0374 0.0151
Combined 62,050,665 1,420,251 945,029 0.0224 0.0150
mH.len100.eL No contamination 31,982,079 213,753 4,602 0.0066 0.0001
Filtering 31,882,707 288,825 4,598 0.0090 0.0001
Direct 31,982,079 364,395 4,602 0.0113 0.0001
Combined 31,980,856 215,172 4,688 0.0067 0.0001
mH.len100.eH  No contamination 31,777,471 331,885 91,078 0.0103 0.0029
Filtering 31,653,390 433,126 91,026 0.0135 0.0029
Direct 31,777,471 535,276 91,078 0.0166 0.0029
Combined 31,776,222 333,316 91,427 0.0104 0.0029




Table S6. Full Bowtie2 alignment accuracy of the different strategies under the 8 profile settings with 9:1 human-mouse mixing ratio (54x
human and 6x mouse), and reads generated from both exonic and non-exonic regions of human chromosome 14 and mouse

chromosome 12

Correctly aligned  Human/mouse reads incorrectly Unaligned
Setting profile  Alignment strategy human reads aligned to human reference humanreads FDR FNR
mL.len050.eL No contamination 114,177,018 1,761,135 7 0.0152 0.0000
Filtering 112,853,897 1,897,975 7 0.0165 0.0000
Direct 114,177,018 1,956,606 7 0.0168 0.0000
Combined 114,161,554 1,777,395 6 0.0153 0.0000
mL.len050.eH No contamination 113,547,853 2,085,822 304,485 0.0180 0.0027
Filtering 111,780,731 2,199,781 301,514 0.0193 0.0027
Direct 113,547,853 2,310,383 304,485 0.0199 0.0027
Combined 113,531,296 2,104,324 303,722 0.0182 0.0027
mL.len100.eL No contamination 57,638,078 327,800 0 0.0057 0.0000
Filtering 57,265,531 359,025 0 0.0062 0.0000
Direct 57,638,078 363,209 0 0.0063 0.0000
Combined 57,635,720 330,216 0 0.0057 0.0000
mL.len100.eH No contamination 57,513,126 432,031 20,721 0.0075 0.0004
Filtering 57,056,120 471,620 20,683 0.0082 0.0004
Direct 57,513,126 478,882 20,721 0.0083 0.0004
Combined 57,509,903 434,866 21,186 0.0075 0.0004
mH.len050.eL  No contamination 113,840,089 1,965,580 132,491 0.0170 0.0012
Filtering 112,695,047 2,084,910 131,427 0.0182 0.0012
Direct 113,840,089 2,140,036 132,491 0.0185 0.0012
Combined 113,824,405 1,981,887 132,873 0.0171 0.0012
mH.len050.eH  No contamination 111,715,828 2,518,378 1,703,954 0.0220 0.0150
Filtering 110,197,949 2,605,351 1,695,554 0.0231 0.0152
Direct 111,715,828 2,719,966 1,703,954 0.0238 0.0150
Combined 111,703,327 2,538,810 1,698,013 0.0222 0.0150
mH.len100.eL No contamination 57,573,000 384,701 8,177 0.0066 0.0001
Filtering 57,249,670 411,439 8,169 0.0071 0.0001
Direct 57,573,000 414,977 8,177 0.0072 0.0001
Combined 57,635,720 386,719 0 0.0067 0.0000
mH.len100.eH  No contamination 57,205,077 596,583 164,218 0.0103 0.0029
Filtering 56,803,605 631,050 164,014 0.0110 0.0029
Direct 57,205,077 637,403 164,218 0.0110 0.0029
Combined 57509903 599920 21186 0.010324 0.000368




Table S7. Full BWA alignment accuracy of the different strategies under the 8 profile settings with 1:1 human-mouse mixing ratio (60x

human and 60x mouse), and reads generated from both exonic and non-exonic regions of human chromosome 14 and mouse

chromosome 12

Correctly aligned  Human/mouse reads incorrectly Unaligned
Setting profile  Alignment strategy human reads aligned to human reference humanreads FDR FNR
mL.len050.eL No contamination 127,042,058 1,777,390 0 0.0138 0.0000
Filtering 125,030,249 1,750,945 0 0.0138 0.0000
Direct 127,042,058 4,559,911 0 0.0346 0.0000
Combined 127,035,402 1,791,707 0 0.0139 0.0000
mL.len050.eH No contamination 126,822,029 1,957,882 39,537 0.0152 0.0003
Filtering 125,137,746 1,934,222 38,830 0.0152 0.0003
Direct 126,822,029 4,388,698 39,537 0.0334 0.0003
Combined 126,812,855 1,976,017 40,037 0.0153 0.0003
mL.len100.eL No contamination 64,060,053 349,671 0 0.0054 0.0000
Filtering 63,784,077 349,293 0 0.0054 0.0000
Direct 64,060,053 704,046 0 0.0109 0.0000
Combined 64,059,524 350,710 0 0.0054 0.0000
mL.len100.eH No contamination 64,028,436 375,159 6,129 0.0058 0.0001
Filtering 63,813,455 374,834 6,119 0.0058 0.0001
Direct 64,028,436 652,239 6,129 0.0101 0.0001
Combined 64,029,221 374,860 6,169 0.0058 0.0001
mH.len050.eL  No contamination 126,796,882 1,975,796 46,770 0.0153 0.0004
Filtering 125,018,746 1,949,533 45,968 0.0154 0.0004
Direct 126,796,882 4,514,055 46,770 0.0344 0.0004
Combined 126,788,608 1,993,454 47,288 0.0155 0.0004
mH.len050.eH  No contamination 126,322,877 2,221,708 274,863 0.0173 0.0022
Filtering 124,845,046 2,196,806 271,284 0.0173 0.0022
Direct 126,322,877 4,427,622 274,863 0.0339 0.0022
Combined 126,309,266 2,247,313 277,416 0.0175 0.0022
mH.len100.eL  No contamination 64,018,399 382,228 9,097 0.0059 0.0001
Filtering 63,786,868 381,910 9,090 0.0060 0.0001
Direct 64,018,399 681,131 9,097 0.0105 0.0001
Combined 64,017,572 383,581 9,162 0.0060 0.0001
mH.len100.eH  No contamination 63,921,855 414,013 73,856 0.0064 0.0012
Filtering 63,744,367 413,726 73,815 0.0064 0.0012
Direct 63,921,855 643,274 73,856 0.0100 0.0012
Combined 63,921,390 415,065 74,053 0.0065 0.0012




Table S8. Bowtie2 alignment accuracy of the different strategies under 2 profile settings with 1:1 human-mouse mixing ratio (60x human
and 60x mouse), and reads generated from both exonic and non-exonic regions of the whole human and mouse genomes

Correctly aligned Human/mouse reads incorrectly ~ Unaligned

Human type human reads aligned to human reference humanreads FDR FNR

mH.len100.eL  No contamination 1,828,993,016 51,907,516 1,396,232 0.0276 0.0008
Filtering 1,820,062,360 51,741,725 1,392,200 0.0276 0.0008
Direct 1,828,993,016 57,958,065 1,396,232 0.0307 0.0008
Combined 1,835,219,558 46,810,987 275,099 0.0249 0.0001

mH.len50.eH No contamination 3,5640,983,758 165,817,765 57,792,001 0.0447 0.0161
Filtering 3,492,135,388 161,171,553 57,471,788 0.0441 0.0162
Direct 3,5640,983,758 165,817,834 57,792,001 0.0447 0.0161
Combined 3,549,303,002 160,664,451 55,026,662 0.0433 0.0153




Table S9. Full variant calling accuracy based on Bowtie2 alignments of the different strategies under the 8 profile settings with 1:1

human-mouse mixing ratio (60x human and 60x mouse), and reads generated from both exonic and non-exonic regions of human
chromosome 14 and mouse chromosome 12. Only variants with a quality score > 13 are included.

True False True True False True
human human human human human human SNV SNV
SNVs SNVs SNVs indels indels indels calling calling
Setting profile ~ Alignment strategy identified identified missed identified identified missed FDR FNR
mL.len050.eL No contamination 0 43 0 0 1 0 N/A N/A
Filtering 0 36 0 0 1 0 N/A N/A
Direct 0 4,435 0 0 358 0 N/A N/A
Combined 0 84 0 0 1 0 N/A N/A
mL.len050.eH No contamination 0 10 0 0 1 0 N/A N/A
Filtering 0 10 0 0 0 0 N/A N/A
Direct 0 8,476 0 0 421 0 N/A N/A
Combined 0 11 0 0 0 0 N/A N/A
mL.len100.eL No contamination 0 5 0 0 0 0 N/A N/A
Filtering 0 5 0 0 0 0 N/A N/A
Direct 0 2,062 0 0 175 0 N/A N/A
Combined 0 5 0 0 0 0 N/A N/A
mL.len100.eH No contamination 0 2 0 0 0 0 N/A N/A
Filtering 0 1 0 0 0 0 N/A N/A
Direct 0 4,812 0 0 242 0 N/A N/A
Combined 0 0 0 0 0 0 N/A N/A
mH.len050.eL  No contamination 746,138 221 48,636 102,220 10,206 4,757 0.0003 0.0612
Filtering 745,552 213 49,222 102,202 10,157 4,775 0.0003 0.0619
Direct 745,908 3,979 48,866 102,217 10,520 4,760 0.0053 0.0615
Combined 773,695 401 21,079 102,184 10,170 4,793 0.0005 0.0265
mH.len050.eH  No contamination 767,389 445 27,385 101,564 17,894 5,413 0.0006 0.0345
Filtering 767,161 436 27,613 101,542 17,778 5,435 0.0006 0.0347
Direct 767,191 7,620 27,583 101,563 18,238 5,414 0.0098 0.0347
Combined 768,164 682 26,610 101,524 17,871 5,453 0.0009 0.0335
mH.len100.eL ~ No contamination 755,590 64 39,184 103,795 11,919 3,182 0.0001 0.0493
Filtering 755,241 64 39,533 103,780 11,862 3,197 0.0001 0.0497
Direct 755,448 1,763 39,326 103,796 12,083 3,181 0.0023 0.0495
Combined 780,165 124 14,609 103,782 11,896 3,195 0.0002 0.0184
mH.len100.eH  No contamination 775,774 221 19,000 102,781 20,671 4,196 0.0003 0.0239
Filtering 736,367 209 58,407 97,458 19,460 9,519 0.0003 0.0735
Direct 775,644 4,262 19,130 102,780 20,870 4,197 0.0055 0.0241
Combined 776,478 450 18,296 102,732 20,644 4,245 0.0006 0.0230




Table S10. Full variant calling accuracy based on Bowtie2 alignments of the different strategies under the 8 profile settings with 1:1
human-mouse mixing ratio (60x human and 60x mouse), and reads generated from both exonic and non-exonic regions of human
chromosome 14 and mouse chromosome 12. All variants are included regardless of their quality scores.

True False True True False True
human human human human human human SNV SNV
SNVs SNVs SNVs indels indels indels calling calling
Setting profile ~ Alignment strategy identified identified missed identified identified missed FDR FNR
mL.len050.eL No contamination 0 395 0 0 7 0 N/A N/A
Filtering 0 389 0 0 7 0 N/A N/A
Direct 0 5,771 0 0 448 0 N/A N/A
Combined 0 1,133 0 0 5 0 N/A N/A
mL.len050.eH No contamination 0 109 0 0 3 0 N/A N/A
Filtering 0 114 0 0 2 0 N/A N/A
Direct 0 11,051 0 0 551 0 N/A N/A
Combined 0 92 0 0 4 0 N/A N/A
mL.len100.eL No contamination 0 40 0 0 3 0 N/A N/A
Filtering 0 43 0 0 3 0 N/A N/A
Direct 0 2,566 0 0 224 0 N/A N/A
Combined 0 125 0 0 4 0 N/A N/A
mL.len100.eH No contamination 0 12 0 0 2 0 N/A N/A
Filtering 0 14 0 0 2 0 N/A N/A
Direct 0 6,139 0 0 305 0 N/A N/A
Combined 0 9 0 0 2 0 N/A N/A
mH.len050.eL  No contamination 751,187 1,127 43,587 102,684 10,792 4,293 0.0015 0.0548
Filtering 750,777 1,109 43,997 102,677 10,743 4,300 0.0015 0.0554
Direct 751,025 5,807 43,749 102,683 11,192 4,294 0.0077 0.0550
Combined 775,757 1,855 19,017 102,636 10,766 4,341 0.0024 0.0239
mH.len050.eH  No contamination 771,130 1,095 23,644 102,152 19,962 4,825 0.0014 0.0297
Filtering 770,980 1,082 23,794 102,140 19,840 4,837 0.0014 0.0299
Direct 771,004 10,572 23,770 102,151 20,431 4,826 0.0135 0.0299
Combined 771,795 1,318 22,979 102,099 19,931 4,878 0.0017 0.0289
mH.len100.eL ~ No contamination 758,490 368 36,284 104,169 12,539 2,808 0.0005 0.0457
Filtering 758,277 370 36,497 104,153 12,484 2,824 0.0005 0.0459
Direct 758,388 2,531 36,386 104,170 12,736 2,807 0.0033 0.0458
Combined 781,698 478 13,076 104,151 12,511 2,826 0.0006 0.0165
mH.len100.eH  No contamination 778,440 581 16,334 103,345 23,121 3,632 0.0007 0.0206
Filtering 739,049 556 55,725 98,003 21,793 8,974 0.0008 0.0701
Direct 778,369 5,825 16,405 103,344 23,376 3,633 0.0074 0.0206
Combined 779112 820 15662 103292 23102 3685 0.0011 0.0197




Table S11. Full variant calling accuracy based on Bowtie2 alignments of the different strategies under the 8 profile settings with 1:1
human-mouse mixing ratio (60x human and 60x mouse), and reads generated from only exonic regions from the whole human and
mouse genomes. Only variants with a quality score > 13 are included.

True False True True False True
human human human human human human SNV SNV
SNVs SNVs SNVs indels indels indels calling calling
Setting profile ~ Alignment strategy identified identified missed identified identified missed FDR FNR
mL.len050.eL No contamination 0 8 0 0 0 0 N/A N/A
Filtering 0 8 0 0 0 0 N/A N/A
Direct 0 13,084 0 0 1,133 0 N/A N/A
Combined 0 21 0 0 0 0 N/A N/A
mL.len050.eH No contamination 0 0 0 0 0 0 N/A N/A
Filtering 0 0 0 0 0 0 N/A N/A
Direct 0 19,004 0 0 1,414 0 N/A N/A
Combined 0 1 0 0 0 0 N/A N/A
mL.len100.eL No contamination 0 2 0 0 1 0 N/A N/A
Filtering 0 2 0 0 1 0 N/A N/A
Direct 0 6,573 0 0 584 0 N/A N/A
Combined 0 6 0 0 1 0 N/A N/A
mL.len100.eH No contamination 0 1 0 0 0 0 N/A N/A
Filtering 0 2 0 0 0 0 N/A N/A
Direct 0 15,925 0 0 919 0 N/A N/A
Combined 0 0 0 0 0 0 N/A N/A
mH.len050.eL  No contamination 395,557 85 242,909 56,783 5,798 28,788 0.0002 0.3805
Filtering 393,342 79 245124 56,464 5,633 29,107 0.0002 0.3839
Direct 392,077 10,105 246,389 56,704 6,655 28,867 0.0251 0.3859
Combined 429,449 173 209,017 56,098 5,682 29,473 0.0004 0.3274
mH.len050.eH  No contamination 416,216 294 222,029 56,330 10,719 29,582 0.0007 0.3479
Filtering 414,444 277 223,801 56,073 10,438 29,839 0.0007 0.3507
Direct 410,817 15,507 227,428 56,227 11,739 29,685 0.0364 0.3563
Combined 412,226 400 226,019 55,596 10,565 30,316 0.0010 0.3541
mH.len100.eL ~ No contamination 364,667 53 274,976 52,587 6,904 33,404 0.0001 0.4299
Filtering 362,233 50 277,410 52,279 6,684 33,712 0.0001 0.4337
Direct 362,111 4,900 277,532 52,524 7,304 33,467 0.0134 0.4339
Combined 394,799 109 244,844 52,134 6,856 33,857 0.0003 0.3828
mH.len100.eH  No contamination 382,920 164 254,382 51,196 12,164 34,565 0.0004 0.3992
Filtering 380,440 156 256,862 50,864 11,605 34,897 0.0004 0.4030
Direct 377,666 12,059 259,636 51,105 12,765 34,656 0.0309 0.4074
Combined 380,047 286 257,255 50,609 12,008 35,152 0.0008 0.4037




Table S12. Full variant calling accuracy based on Bowtie2 alignments of the different strategies under the 8 profile settings with 1:1
human-mouse mixing ratio (30x human and 30x mouse), and reads generated from both exonic and non-exonic regions of human
chromosome 14 and mouse chromosome 12. Only variants with a quality score > 13 are included.

True False True True False True
human human human human human human SNV SNV
SNVs SNVs SNVs indels indels indels calling calling
Setting profile ~ Alignment strategy identified identified missed identified identified missed FDR FNR
mL.len050.eL No contamination 0 10 0 0 0 0 N/A N/A
Filtering 0 2,379 0 0 147 0 N/A N/A
Direct 0 3,659 0 0 249 0 N/A N/A
Combined 0 26 0 0 0 0 N/A N/A
mL.len050.eH No contamination 0 2 0 0 0 0 N/A N/A
Filtering 0 3,400 0 0 132 0 N/A N/A
Direct 0 6,248 0 0 280 0 N/A N/A
Combined 0 5 0 0 0 0 N/A N/A
mL.len100.eL No contamination 0 1 0 0 0 0 N/A N/A
Filtering 0 1,317 0 0 72 0 N/A N/A
Direct 0 1,877 0 0 123 0 N/A N/A
Combined 0 0 0 0 0 0 N/A N/A
mL.len100.eH No contamination 0 0 0 0 0 0 N/A N/A
Filtering 0 2,549 0 0 80 0 N/A N/A
Direct 0 3,930 0 0 155 0 N/A N/A
Combined 0 0 0 0 0 0 N/A N/A
mH.len050.eL  No contamination 734,039 79 60,735 101,333 6,235 5,644 0.0001 0.0764
Filtering 733,663 1,992 61,111 101,320 6,348 5,657 0.0027 0.0769
Direct 733,849 3,150 60,925 101,329 6,452 5,648 0.0043 0.0767
Combined 771,513 158 23,261 101,222 6,141 5,755 0.0002 0.0293
mH.len050.eH  No contamination 758,637 196 36,137 100,046 9,881 6,931 0.0003 0.0455
Filtering 758,210 2,972 36,564 100,014 9,959 6,963 0.0039 0.0460
Direct 758,442 5,339 36,332 100,042 10,112 6,935 0.0070 0.0457
Combined 759,801 413 34,973 99,995 9,974 6,982 0.0005 0.0440
mH.len100.eL No contamination 748,219 29 46,555 103,244 6,598 3,733 0.0000 0.0586
Filtering 748,010 1,027 46,764 103,241 6,664 3,736 0.0014 0.0588
Direct 748,093 1,533 46,681 103,245 6,721 3,732 0.0020 0.0587
Combined 779,213 77 15,561 103,204 6,764 3,773 0.0001 0.0196
mH.len100.eH  No contamination 771,616 109 23,158 101,702 10,921 5,275 0.0001 0.0291
Filtering 771,390 2,102 23,384 101,687 10,966 5,290 0.0027 0.0294
Direct 771,501 3,322 23,273 101,699 11,053 5,278 0.0043 0.0293
Combined 772,654 343 22,120 101,661 10,936 5,316 0.0004 0.0278




Table S13. Full variant calling accuracy based on Bowtie2 alignments of the different strategies under the 8 profile settings with 9:1
human-mouse mixing ratio (54x human and 6x mouse), and reads generated from both exonic and non-exonic regions of human
chromosome 14 and mouse chromosome 12. Only variants with a quality score > 13 are included.

True False True True False True
human human human human human human SNV SNV
SNVs SNVs SNVs indels indels indels calling calling
Setting profile ~ Alignment strategy identified identified missed identified identified missed FDR FNR
mL.len050.eL No contamination 0 35 0 0 1 0 N/A N/A
Filtering 0 742 0 0 29 0 N/A N/A
Direct 0 587 0 0 27 0 N/A N/A
Combined 0 72 0 0 1 0 N/A N/A
mL.len050.eH No contamination 0 3 0 0 0 0 N/A N/A
Filtering 0 792 0 0 30 0 N/A N/A
Direct 0 871 0 0 31 0 N/A N/A
Combined 0 11 0 0 0 0 N/A N/A
mL.len100.eL No contamination 0 5 0 0 0 0 N/A N/A
Filtering 0 436 0 0 22 0 N/A N/A
Direct 0 267 0 0 9 0 N/A N/A
Combined 0 4 0 0 0 0 N/A N/A
mL.len100.eH No contamination 0 1 0 0 0 0 N/A N/A
Filtering 0 665 0 0 19 0 N/A N/A
Direct 0 589 0 0 13 0 N/A N/A
Combined 0 0 0 0 0 0 N/A N/A
mH.len050.eL  No contamination 745,399 174 49,375 102,123 9,561 4,854 0.0002 0.0621
Filtering 744,993 738 49,781 102,105 9,548 4,872 0.0010 0.0626
Direct 745,379 608 49,395 102,123 9,581 4,854 0.0008 0.0621
Combined 773,493 359 21,281 102,102 9,562 4,875 0.0005 0.0268
mH.len050.eH  No contamination 766,928 399 27,846 101,410 16,533 5,567 0.0005 0.0350
Filtering 766,745 1,016 28,029 101,385 16,455 5,592 0.0013 0.0353
Direct 766,925 1,065 27,849 101,410 16,553 5,567 0.0014 0.0350
Combined 767,763 640 27,011 101,362 16,564 5,615 0.0008 0.0340
mH.len100.eL ~ No contamination 755,228 55 39,546 103,739 10,968 3,238 0.0001 0.0498
Filtering 755,001 387 39,773 103,733 10,943 3,244 0.0005 0.0500
Direct 755,226 262 39,548 103,738 10,978 3,239 0.0003 0.0498
Combined 780,105 113 14,669 103,740 10,999 3,237 0.0001 0.0185
mH.len100.eH  No contamination 775,560 205 19,214 102,668 18,963 4,309 0.0003 0.0242
Filtering 775,435 640 19,339 102,650 18,878 4,327 0.0008 0.0243
Direct 775,559 551 19,215 102,668 18,973 4,309 0.0007 0.0242
Combined 776,306 430 18,468 102,645 18,881 4,332 0.0006 0.0232




Table S14. Full variant calling accuracy based on BWA alignments of the different strategies under the 8 profile settings with 1:1
human-mouse mixing ratio (60x human and 60x mouse), and reads generated from both exonic and non-exonic regions of human
chromosome 14 and mouse chromosome 12. Only variants with a quality score > 13 are included.

True False True True False True
human human human human human human SNV SNV
SNVs SNVs SNVs indels indels indels calling calling
Setting profile ~ Alignment strategy identified identified missed identified identified missed FDR FNR
mL.len050.eL No contamination 0 6 0 0 0 0 N/A N/A
Filtering 0 6 0 0 0 0 N/A N/A
Direct 0 46,615 0 0 2,798 0 N/A N/A
Combined 0 5 0 0 0 0 N/A N/A
mL.len050.eH No contamination 0 1 0 0 0 0 N/A N/A
Filtering 0 3 0 0 0 0 N/A N/A
Direct 0 64,296 0 0 2,330 0 N/A N/A
Combined 0 1 0 0 0 0 N/A N/A
mL.len100.eL No contamination 0 0 0 0 0 0 N/A N/A
Filtering 0 0 0 0 0 0 N/A N/A
Direct 0 18,210 0 0 814 0 N/A N/A
Combined 0 0 0 0 0 0 N/A N/A
mL.len100.eH No contamination 0 0 0 0 0 0 N/A N/A
Filtering 0 0 0 0 0 0 N/A N/A
Direct 0 23,292 0 0 652 0 N/A N/A
Combined 0 0 0 0 0 0 N/A N/A
mH.len050.eL  No contamination 748,823 3,420 45,951 102,806 2,180 4,171 0.0045 0.0578
Filtering 747,071 3,403 47,703 102,706 2,150 4,271 0.0045 0.0600
Direct 747,918 46,495 46,856 102,791 4,900 4,186 0.0585 0.0590
Combined 748,730 3,546 46,044 102,808 2,189 4,169 0.0047 0.0579
mH.len050.eH  No contamination 774,243 3,884 20,531 102,585 10,738 4,392 0.0050 0.0258
Filtering 773,534 3,873 21,240 102,520 10,672 4,457 0.0050 0.0267
Direct 773,740 61,780 21,034 102,579 12,900 4,398 0.0739 0.0265
Combined 774,226 3,991 20,548 102,574 10,749 4,403 0.0051 0.0259
mH.len100.eL No contamination 761,842 1,533 32,932 104,671 1,365 2,306 0.0020 0.0414
Filtering 761,355 1,533 33,419 104,651 1,364 2,326 0.0020 0.0420
Direct 761,493 17,578 33,281 104,671 2,110 2,306 0.0226 0.0419
Combined 761,829 1,590 32,945 104,671 1,373 2,306 0.0021 0.0415
mH.len100.eH  No contamination 785,677 1,660 9,097 104,323 14,554 2,654 0.0021 0.0114
Filtering 785,483 1,660 9,291 104,310 14,535 2,667 0.0021 0.0117
Direct 785,484 21,470 9,290 104,319 15,145 2,658 0.0266 0.0117
Combined 785,686 1,723 9,088 104,337 14,556 2,640 0.0022 0.0114




Table S15. Full variant calling accuracy based on Bowtie2 alignments of the different strategies under the 8 profile settings with 1:1
human-mouse mixing ratio (60x human and 60x mouse), and reads generated from both exonic and non-exonic regions of the whole

human and mouse genomes. Only variants with a quality score > 13 are included.

False False True
True human human True human human human SNV SNV
SNVs SNVs True human indels indels indels calling calling
Setting profile ~ Alignment strategy identified identified SNVs missed identified identified missed FDR FNR
mH.len100.eL  No contamination 24,801,669 79,754 940,193 3,302,788 351,058 170,814 0.0032 0.0378
Filtering 24,798,547 79,897 943,315 3,302,256 349,838 171,346  0.0032 0.0379
Direct 24,801,290 109,205 940,572 3,302,674 351,930 170,928 0.0044 0.0378
Combined 24,804,117 3,493 1,261,434 3,302,757 346,824 214,260 0.0001  0.0508
mH.len50.eH No contamination 24,214,636 50,893 1,527,304 3,215,364 521,418 256,092 0.0021  0.0629
Filtering 24,210,587 51,052 1,631,353 3,214,541 517,715 256,915 0.0021  0.0631
Direct 24,206,083 76,745 1,635,857 3,215,039 523,012 256,417 0.0032  0.0632
Combined 24,221,969 18,354 1,843,722 3,214,311 517,365 300,912 0.0008 0.0761




Table S16. Non-synonymous SNV calling accuracy based on Bowtie2 alignments of the different strategies under the 8 profile
settings with 1:1 human-mouse mixing ratio (60x human and 60x mouse), and reads generated from both exonic and non-exonic
regions of human chromosome 14 and mouse chromosome 12. Only variants with a quality score > 13 are included.

Setting profile

Alignment strategy

True human non-synonymous False human non-synonymous True human non-

SNVs identified

SNVs identified

synonymous SNVs missed

mL.len050.eL

mL.len050.eH

mL.len100.eL

mL.len100.eH

mH.len050.eL

mH.len050.eH

mH.len100.eL

mH.len100.eH

No contamination
Filtering

Direct

Combined

No contamination
Filtering

Direct

Combined

No contamination
Filtering

Direct

Combined

No contamination
Filtering

Direct

Combined

No contamination
Filtering

Direct

Combined

No contamination
Filtering

Direct

Combined

No contamination
Filtering

Direct

Combined

No contamination
Filtering

Direct

Combined

O O O O O O O 0O O o oo o o oo

7,209
7,185
7,181
7,395
7,365
7,359
7,334
7,363
7,252
7,215
7,229
7,410
7,381
7,012
7,354
7,379

O O O O OO O O O oo oo o o o

271
295
299

85
115
121
146
117
228
265
251

70

99
117
126
101




Table S17. Non-synonymous SNV calling accuracy based on Bowtie2 alignments of the different strategies under the 8 profile
settings with 1:1 human-mouse mixing ratio (60x human and 60x mouse), and reads generated from only exonic regions from the

whole human and mouse genomes. Only variants with a quality score > 13 are included.

Setting profile

Alignment strategy

True human non-synonymous False human non-synonymous True human non-

SNVs identified

SNVs identified

synonymous SNVs missed

mL.len050.eL

mL.len050.eH

mL.len100.eL

mL.len100.eH

mH.len050.eL

mH.len050.eH

mH.len100.eL

mH.len100.eH

No contamination
Filtering

Direct

Combined

No contamination
Filtering

Direct

Combined

No contamination
Filtering

Direct

Combined

No contamination
Filtering

Direct

Combined

No contamination
Filtering

Direct

Combined

No contamination
Filtering

Direct

Combined

No contamination
Filtering

Direct

Combined

No contamination
Filtering

Direct

Combined

O O O O OO O O O oo oo o o o

93,002
92,093
91,228
103,945
98,916
98,016
95,767
97,233
76,815
75,840
75,455
84,841
81,075
79,977
78,027
79,920

1,460
85

551
16
28
25

1,341
43

O O O O O O O O o oo oo o oo

141,999
142,908
143,773
131,056
136,401
137,301
139,550
138,084
159,014
159,989
160,374
150,988
153,721
154,819
156,769
154,876
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