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ABSTRACT
 Diploid genomes are not routinely phased into two haplotypes, representing 
unique copies of the genome, and have to be assembled via various phasing 
approaches. Here we present a novel single cell phasing technique able to distinguish 
two parental genomes in single cells based on template strand directionality. Using 
this approach, we mapped all meiotic recombination events in a family trio with high 
resolution (median range ~14kb), and phased larger structural variants like deletions, 
indels as well as balanced rearrangements like inversions. Lastly, the single cell 
resolution of Strand-seq allowed us to observe loss of heterozygosity regions in 
a small number of cells, a significant advantage for studies of heterogeneous cell 
populations, such as cancer cells. We conclude that Strand-seq is a unique and 
powerful approach to completely phase individual genomes and map inheritance 
patterns in families, while preserving haplotype differences between single cells.

INTRODUCTION
 The genome of an individual can be easily obtained with current sequencing 
technologies. However, haplotypes which represents unique haploid genomes of 
an individual, are usually hidden in a pile of reads representing diploid genome. 
Therefore, various phasing techniques have been developed in order to tackle this 
problem (see Chapter 1).
 Haplotypes provides an additional layer of information which is useful 
for many applications in human genetics. Essentially, haplotypes hold a spatial 
information needed to better understand relationships between genetic variants and 
phenotypes (de Bakker et al. 2006; Tewhey et al. 2011). For example, haplotypes 
are vital to resolve instances of compound heterozigosity. Knowing whether two 
deleterious mutations are in cis (on the same homologue) or trans (on different 
homologues) have serious implications for prediction of the outcome of such mutations 
(distinguishes a carrier from an affected individual). Besides that, haplotypes are 
crucial to track inheritance patterns in human families and populations (Conrad et 
al. 2006; Sabeti et al. 2002). Last but not least, haplotypes are important to study 
patterns of loss of heterozygosity in cancer (Huang et al. 2007), as well as to study 
allele-specific events like gene expression (Kasowski et al. 2010).
 In this study we demonstrate several practical applications of Strand-seq 
guided haplotyping, such as family information independent phasing of a single 
individual, high resolution mapping of recombination events in a single family trio 
and single cell resolution of haplotype structure. In addition, we managed to phase de 
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novo germline variants of an individual and assign parental origin of such mutations. 
Lastly, we illustrate how phased sequencing reads can be used to track and phase 
structural variants such as deletions, inversion or duplications. Altogether, these data 
prove Strand-seq as a powerful phasing technique with wide range of applications 
that will find its use in a basic research as well as clinical practice.

RESULTS
Genome-wide mapping of meiotic recombination breakpoints in a family trio
 Having shown that we can build accurate whole genome haplotypes without 
the need to sequence family members (Chapter 3), we set out to study haplotype 
inheritance in a family trio. To explore this, we generated Strand-seq libraries for 
the father (NA12891) and mother (NA12892) of the HapMap child (NA12878). In 
total, we selected 233 libraries for the father and 267 for the mother, for analysis 
using our StrandPhase pipeline (see Chapter 3, Table 1). From these data, we 
captured 82.5% and 72.7% SNVs present in the HapMap reference for the father 
and mother, respectively, to build whole genome haplotypes for each parent. We 
confirmed that phased parental haplotypes agreed with our findings for the child by 
comparing the heterozygous variants in the child that were homozygous in at least 
one parent. This allowed us to unambiguously assign the parental origin of 99.7% 
of the child’s heterozygous SNVs, and thus predict which homologue was inherited 
from the maternal versus paternal lineages (Fig. 1).
 Following the phasing of whole genome haplotypes for each individual in 
this family, we explored whether Strand-seq can be used to map individual meiotic 
recombination events. We compared our assembled haplotypes to those reported in 
the HapMap reference. Unlike the almost complete concordance seen in the child, 
we observed multiple switches in the parental haplotypes (Fig. 2A, blue and red 
dots). This is because the methods used to build the HapMap reference relied on the 
haplotypes of the child to infer the haplotypes of the parents (Duitama et al. 2012). 
However, the child’s genome is composed of recombined germline products, and 
therefore the parental haplotypes in the HapMap reference contain a mixture of the 
parental haplotypes. We infer that the haplotype switches between our data and the 
HapMap reference data represent the locations of parental meiotic recombination 
events. Indeed, an independent comparison of our derived consensus haplotypes 
from the child to those of both parents, showed discrete positions where the parental 
haplotypes inherited by the child had recombined (Fig. 2B, blue and red dots). For 
instance, the child’s paternally-derived homologue of Chromosome 1 exhibited two 
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distinct haplotype switches, where the first part of p-arm was most similar to Father 
H2, the middle matched Father H1 and the last part of q-arm matched Father H2. 
These haplotype switches represent locations of meiotic recombination in the paternal 
gamete, resulting in a shuffling of the parental SNV alleles inherited by the child. 
We observed 38 switches (including two on Chromosome X) in the maternal and 26 
on the paternal homologues of the child, consistent with meiotic recombination rate 
estimates in previous studies (Broman et al. 1998; Hou et al. 2013; Kirkness et al. 
2013; Lu et al. 2012).

Figure 1: Comparison of Strand-seq child’s haplotypes with Strand-seq parental haplotypes.
To unambiguously assign the parental origin of each allele in the child, we assessed only high confidence 
SNV positions (i.e. present in > 2 cells) that were heterozygous in the child. In addition, such positions 
had to be homozygous in at least one parent and the other parent had at least one variant phased. Each 
horizontal ideogram represents the two haplotypes of a chromosome, and each SNV is represented as a 
vertical line in the ideogram, with the colour denoting the parental homologue they match. The child’s 
haplotypes were either of paternal (blue) or maternal (red) origin.

 To more precisely map these recombination events, we systematically 
tracked parental haplotype inheritance in the child using a pairwise similarity test (see 
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Methods, Section 1). This allowed us to precisely map recombination breakpoints, 
at locations where similarity of a child haplotype switched, for example, from Father 
H1 to Father H2 (Fig. 2C red arrowhead). In total, we mapped all 64 recombination 
events, with a resolution as low as 408bp and the median breakpoint resolution of 
14,385bp (Fig. 3 and Table 1). The location of recombination events in our study 
matched almost perfectly to those found in another single cell phasing study (Fan 
et al. 2011) be it with a 3-fold better resolution (see Chapter 3, Fig. 6A-C). Of 
interest, we found that 1 in 3 of our meiotic recombination locations overlapped with 
previously identified recombination hotspots (Kong et al. 2010) (Fig. 2D).

Table 1: The map of maternal and paternal recombination breakpoints.
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Figure 2: Genome-wide mapping of meiotic recombination breakpoints in a family trio.
A) Circular plots of Strand-seq haplotypes (H1 and H2) assembled for a family trio (mother, child, and 
father) with each pair of homologues compared to the corresponding HapMap reference haplotypes. 
Only heterozygous SNV positions are plotted along each chromosome. Strand-seq haplotypes for the 
child (middle circles, yellow and brown) match the HapMap reference along the whole length of the 
chromosome (see also Figure 2). Haplotypes from the mother (inner circle, light red and dark red), 
and father (outer circle, light blue and dark blue) show multiple switches (blue and red dots) between 
the Strand-seq haplotypes and those listed in the HapMap reference. B) Comparison of the Strand-seq 
child’s haplotypes to the Strand-seq parental haplotypes, with only the heterozygous SNV positions 
plotted for each homologue. We compared each of the child’s haplotypes independently to both the 
parental haplotypes. Haplotype switches (blue and red dots) represent sites of meiotic recombination 
and occur at almost every chromosome, both from the maternal and paternal germline. Red arrowhead 
marks the switch event illustrated in (C). C) i) Similarity plot for Chromosome 4 depicting pairwise 
comparison of each child homologue (C1 and C2) with both parental homologues (F1 and F2, or 
M1 and M2, as indicated) (see Methods, Section 5). Lines depict continuous stretches of high (+10) 
and low (-10) similarity. A high similarity score (e.g. 10) indicated all SNVs were matched between 
the pairs, whereas a low similarity score (e.g. -10) indicated the homologues were dissimilar. This 
illustrates that, for this chromosome, C1 was inherited from the father, and C2 was inherited from 
the mother. Black arrowheads point to locations where the degree of similarity switched between the 
inherited parental homologues (e.g. from F1 to F2, as shown in ii) red arrowhead) and mark locations 
of meiotic recombination. ii) Enlarged region of Chromosome 4 showing the homologue-specific BAM 
files generated for child’s homologue (C2) inherited from the father, and the corresponding paternal 
homologues (F1 and F2). Read coverage (gray) was plotted for each BAM file, with heterozygous SNVs 
highlighted (see legend). Using these SNVs the meiotic recombination breakpoint was narrowed to a 
2,605bp region (lower panel). D) A comparison of the overlap of the meiotic recombination breakpoints 
predicted in this study to the hotspots reported in the deCODE project. The middle panel illustrates the 
genomic regions where a meiotic recombination breakpoint was found in our analysis, with each row 
depicting a distinct recombination event and the color denoting overlap with the predicted deCODE 
recombination rates corresponding to these locations (white indicates high levels of recombination, 
and black marks low levels of recombination). The left and right panels show 50kb upstream and 
50kb downstream of the defined meiotic recombination breakpoint, respectively, again with the color 
representing the overlap with deCODE recombination rates. We saw high concordance between our 
predicted breakpoints and those listed in the deCODE database, where 1/3 overlapped with deCODE 
regions predicted to have high (> 50 standardized units, Kong et al. 2010) meiotic recombination rates.
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Figure 3: Size distribution of mapped recombination breakpoints.
The size distribution of all mapped recombination breakpoints. Vertical line shows that the majority 
of breakpoints were mapped to a region less than 50kb in size. The outliers arise within centromeres, 
where precise breakpoint mapping is challenged by reference assembly gaps and/or only a small 
number of reads mapping uniquely.

 In addition to meiotic recombination events, which involve reciprocal 
exchanges of large blocks of homologous chromosomes, we also observed a number 
of smaller phase switches. For instance, on homologue Child H1 of Chromosome 13, 
we did not observe any meiotic recombination of the father’s homologues. Instead, 
we localized a short region where the haplotypes exhibited a segmental decrease in 
similarity to the corresponding paternal haplotype (Fig. 4A). Here, we identified four 
consecutive SNVs that matched homologue Father H1 in a child homologue that 
otherwise matched homologue Father H2 (Fig. 4B). Such a short switch in haplotypes 
could result from homozygous inversions, two independent meiotic crossovers in 
close vicinity, or originates from a gene conversion event. We examined the template 
strand directionality of this region and did not find evidence supporting an inversion 
(Sanders et al. 2016), suggesting this represents either a meiotic or a conversion 
event. We located 18 additional regions in the child’s homologues that exhibited a 
short haplotype switch involving at least 3 consecutive heterozygous SNV positions.
 Taken together, our results demonstrate the power of Strand-seq to 
comprehensively map meiotic recombination breakpoints and predict potential 
gene conversion events within a family trio. In comparison to the mapping of 
recombination events using isolated metaphase chromosomes or single sperm cells 
(Fan et al. 2011; Wang et al. 2012), Strand-seq has the advantage that it avoids 
genome pre-amplification and thus reduces PCR sequencing artifacts.
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Figure 4: Location of putative gene conversion event.
A) Similarity plot for Chromosome 13 depicting pairwise comparison of each child homologue with 
both parental homologues. Green arrowhead points to a short region where similarity of Child H1 and 
Father H1 decreases. This presents a putative meiotic event resolved as a gene conversion. B) Enlarged 
region on Chromosome 13 of the child’s homologue inherited from the father. Along each homologue 
(child H1, father H1 and H2) we plot read coverage (gray) with differing nucleotides highlighted (see 
legend). In this short region 4 consecutive heterozygous SNVs (light blue) are switched.

Phasing of de novo variants in a family trio
 With the ability to build whole genome haplotypes, we explored phasing 
of unique individual variations. Expectedly, trio-based or population-based 
haplotyping is highly inefficient at phasing variants that occur de novo (Bansal et 
al. 2011). For example, only one in five de novo variants were phased in recent trio-
based whole-genome sequencing studies (Francioli et al. 2014; Kloosterman et al. 
2015). To investigate the efficiency of haplotype phasing of unique variants within 
an individual, we applied phasing to 49 previously described and validated germline 
de novo mutations for NA12878 (Conrad et al. 2011). Of these, 42 were found in our 
dataset and were phased within our consensus haplotypes (Supplemental Table S4). 
The remaining 7 mutations were not covered in our Strand-seq dataset. To detect such 
missing mutations, data from alternative sequencing technologies can be integrated 
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with Strand-seq data, or more Strand-seq libraries can be analyzed to increase the 
overall genome coverage. A previous study (Conrad et al. 2011) attempted to phase 
the same alleles but was unsuccessful due to the large distance between each de 
novo mutation. In addition, we were able to assign a parental homologue to the 
42 de novo germline mutations identified in the child, with 37 of paternal and 5 of 
maternal origin. This observation is consistent with previous studies reporting that 
most de novo mutations in offspring are derived from the father (Francioli et al. 
2014; Kloosterman et al. 2015). These results show that Strand-seq can phase both 
inherited and individual-specific variants, a major advantage for clinical research.

Phasing of structural variants
 In addition to SNVs, StrandPhase allows phasing of larger structural variants 
(SV), such as deletions and insertions. To phase such variants we used Strand-seq to 
split reads into homologue specific subsets for SV genotyping (see Chapter 2, Fig. 
6A). Figure 5A shows an example of a heterozygous deletion in Father H2 that was 
inherited by Child H1. Moreover, we propose this technique is able to characterize 
individual homologues based on the copy number of segmental duplications (Fig. 
5B, arrowheads). Importantly, balanced rearrangements like inversions that are 
difficult to detect using current technologies can be reliably mapped and phased 
using Strand-seq (Sanders et al. 2016). To our knowledge, Strand-seq is the only 
technique able to simultaneously map and phase heterozygous inversions. (Fig. 
5C-E). To explore the phasing efficacy of larger SVs using our technique, we set 
out to phase variants previously reported for this family trio. First, the phase of all 
experimentally validated deletions for NA12878, reported in Fan et al. (2011), were 
confirmed using StrandPhase, and matched expected Mendelian inheritance patterns 
(see Chapter 3, Table 3). To provide a more comprehensive set of SVs phased 
by our method, we set to phase heterozygous deletions identified from phase 3 of 
the 1000 Genomes Project (Sudmant et al. 2015). For this, we selected deletions 
larger than 1kb and phased them for NA12878 based on template-strand specific 
read count information (see Methods, section 2). Out of 348 selected deletions, 305 
matched the phase stated in the 1000 Genomes Project while 8 deletions did not. 
The remaining 35 deletions could not be reliably assessed because of low coverage 
in homologue specific BAM files (see Supplemental Table S8 in Porubsky et al. 
2016). 
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Figure 5: Phasing of structural variants on Chromosome 2 and Chromosome 19.
A,B) UCSC Genome Browser view of reads from all single cells aligned to a single individual’s 
homologue in a zoomed region of Chromosome 19 (Chr19). A) The disruption in read density illustrates 
a heterozygous deletion found on Father H2 and inherited in the child (Child H1). B) A second deletion 
downstream on Chr19, which is flanked by segmental duplications. Here reads were not filtered by 
mapping quality because reads mapping to segmental duplications are assigned low mapping quality. 
The absence of the Father H2 deletion in the child lineage suggests the variant arose de novo in the 
father cell line. In addition, we can see two copy number variants overlapping with known segmental 
duplications in this region. Read coverage of these regions suggests that copy number holds for 
corresponding paternal (blue arrowheads) and maternal (red arrowheads) homologues inherited in the 
child. C) Horizontal panels represent entropy values for every SNV in a single individual’s homologue 
(H1 or H2) of a zoomed region on Chromosome 2 (Chr2). High values of entropy reflect the presence of 
more than one allele at the variable site as a result of mixed haplotype structures at the locus. We can see 
mixed haplotypes (more than one allele) in the father H1 and child H2. Breakpoints of this region are 
drawn in dashed line. D) UCSC Genome Browser view showing Strand-seq reads in the corresponding 
region for each individual, with the colour denoting the directionality of reads aligned to the reference. 
The underlying Invert.R histogram (Sanders et al. 2016) shows the mixed representation of directional 
reads aligned to the plus and minus strand of the reference genome in the father and the child, indicative 
of a heterozygous inversion at the locus. E) Schematic representation of each homologue per individual 
illustrating the phase of the inversion (arrows), which is placed to Father H2 and Child H1.

 In addition to deletions larger than 1kb, we explored smaller indels as 
well (see Methods, section 2). Out of all 302,555 heterozygous short indels only 
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68,233 (22.6%) were phased successfully. This low number most likely reflects the 
genotyping step (see Methods, section 2) and methods for phasing indels using low 
coverage single cell sequencing data need to be improved. However, the concordance 
of phased indels using Strand-seq in comparison to the 1000 Genomes Project was 
97.7%, illustrating high accuracy. Taken together these results demonstrate that our 
phasing approach can reliably phase different classes of structural variations.

Mapping of regional changes in haplotypes at the single cell level
 Finally, we investigated the potential of Strand-seq to map mosaic 
recombination events at the single cell level. For this, we performed a pairwise 
similarity analysis to compare the consensus haplotypes built for each family 
member (i.e. H1 and H2) to the single cell haplotypes of each individual Strand-seq 
library (see Methods, section 3). In total, we identified 44 locations (8 in the mother, 
19 in the father and 17 in the child) where the consensus haplotypes switched in a 
homologue of a single cell (Fig. 6A and see Supplemental Table S9 in Porubsky 
et al. 2016). For instance, in one maternal cell, Mother H1 switched to Mother H2 
at the centromere of Chromosome 1 (Fig. 6B, I). This resulted in one haplotype 
being converted to the other, thus marking a LOH region within the cell. Notably, 
this loss was not due to a deletion, since comparable read depths were found for both 
homologues (data not shown). The observed LOH patterns in these cells suggest that 
mitotic recombination events might be commonly occurring between homologous 
chromosomes (Moynahan and Jasin 2010) at a frequency of ~ 0.06 events per cell 
(Fig. 6C). The possibility to explore LOH events and other genetic rearrangements 
at the single cell level using Strand-seq is expected to have many applications in 
studies of DNA repair and cancer.

Figure 6: Mapping regional changes in haplotypes at the single cell level
A) Size distribution of all loss of heterozygosity (LOH) regions located within single cell Strand-seq 
libraries, plotted for each individual by chromosome and colored based on the family member. Black 
circles mark LOH regions encompassing a whole chromosomal arm, some of which occurred near 
the same genomic location in multiple single cells, and within different individuals (as exampled for 
Chromosome 16 in B). B) Detailed analysis of LOH. Each single-cell identifier is assigned as H1 or 
H2 based on the consensus haplotype it belongs to. The y-axis represents similarity values (+3, -3) of 
this homologue, in comparison to the consensus haplotypes (see Methods, section 3), with the x-axis 
representing the position along the single cell homologue (H1 and H2). Red arrows points to positions 
where single cell haplotype starts to match opposing consensus haplotype. For Chromosome 16 of the 
mother and the child we predict that recombination occurred in the centromeric region (dashed line). 
Note that the observed LOH only occurs on one of the two homologues. C) Model for observed LOH, 
where double strand break repair in mitotic cells results in homologous mitotic recombination between 
homologues.
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Perspectives of using Strand-seq in research and clinics
 Up to this point we have demonstrated few practical applications of Strand-
seq phasing which might be of interest for applied research and clinics. This rise a 
multiple questions like what is the optimal amount of Strand-seq cells for phasing, 
can we use other type of sequencing data to increase the density of our haplotypes 
and lastly what are the sequencing cost per single cell. Proper answer to all points 
mentioned above is the prerequisite to bring this technique closer to potential users.
 To determine the optimal number of Strand-seq libraries required to build 
accurate whole genome haplotypes, we down-sampled our datasets and assessed the 
SNV coverage and density of  resultant haplotypes. Subsets of single cell libraries 
(between 25-200 cells) were randomly selected and haplotypes built for each. As 
expected, we see a positive correlation between number of cells and percentage of 
SNVs covered. We observed that the increase of covered SNVs is less prominent 
at higher number of cells (Fig. 7A). On the other hand, increasing number of cells 
is negatively correlated with decreasing distance between neighboring SNVs (Fig. 
7B). From these data, we have estimated that about one hundred single cell libraries 
(with an average genome coverage of ~ 2.5% per single cell library) are sufficient to 
encompass 60-70% of the genomic SNVs using the current version of the Strand-seq 
protocol (Fig. 7A, shaded gray region).

Figure 7: Evaluation of SNV coverage and SNV density in various subsets of Strand-seq libraries.
A) The percentage of covered SNVs is plotted for each subset and for each individual as a separate line. 
B) The median distance between neighboring SNVs is plotted for each subset and for each individual 
as a separate line.

 In order to produce about one hundred good quality libraries (see Chapter 
3, Fig. 3) we need to prepare at least two 96 well plates of Strand-seq libraries since 
our success rate per plate is ~ 60%. Strand-seq library preparation currently costs 
approximately $2,500 per 96 cells ($ 26/cell), not including sequencing costs. It 
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takes ~ 3 working days to prepare 192 cells from sorting to sequence-ready Strand-
seq libraries. To obtain enough coverage, 192 barcoded Strand-seq libraries are then 
pooled together and sequenced on a single lane of Illumina HiSeq 2500. In case 
of paired-end protocol using rapid run 100 bp we obtain on average of 2,029,799 
uniquely mapped reads/library. Sequencing cost may vary depending on the 
platform used for sequencing (MiSeq, HiSeq or specialized sequencing service), 
country or special discounts. In our settings whole process of preparing 192 Strand-
seq, including sequencing, costs approximately $9,000. This price seems to be high 
in contrast with the overall genome coverage obtained from ~ 100 good quality 
libraries, therefore we explored ways how to boost SNV coverage while maintaining 
reported phasing accuracy of haplotypes spanning whole chromosomes.
 To increase the number of phased SNVs we turned to the other sequencing 
data from the same individual (NA12878). Specifically, we opt for publicly available 
Illumina paired-end data from whole genome sequencing (WGS) (see Methods, 
section 4). Our analysis shows that the vast majority of unphased polymorphisms 
(92.5%) that locates within a distance lower than 500bp could be phased using a 
combination of Strand-seq and regular WGS data (Fig. 8, light gray bar). This is 
expected since the average fragment size of the WGS data was 450bp. We anticipate 
that paired-end reads with longer fragment sizes or long-read sequencing data can be 
used to phase other variants listed in the HapMap reference, not reachable with short 
fragment reads. We predict that combination of Strand-seq with other data sources 
will help to reduce overall costs and the same time will increase attractiveness of 
Strand-seq guided haplotyping.

Figure 8: Improvement of phased SNV coverage by combining Strand-seq and WGS data.
In dark gray bars the frequency of distances between any phased heterozygous variants and the closest 
unphased heterozygous variant from the HapMap reference is plotted. In the light gray bar we show 
the estimated number of additional heterozygous variants listed in the HapMap reference that could be 
phased using additional data from WGS.
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METHODS
1. Mapping meiotic recombination breakpoints
 To map meiotic recombination events with higher resolution we created 
homologue specific BAM files for each family member by merging the phased reads 
across all single cells into two high density read files per individual (one representing 
H1, and the other representing H2) (Chapter 2, Fig. 6A). During this step, duplicate 
reads were filtered and sequencing reads from all single cell haplotypes were merged 
together for each consensus haplotype. In order to compare the child with both 
parents, we temporarily merged the child’s homologues with the father’s and mother’s 
homologues, respectively using SAMtools (Li et al. 2009) ‘merge’ function and 
performed SNV calling using GATK UnifiedGenotyper (version 3.2-2) (McKenna 
et al. 2010) with default settings. This identified the heterozygous positions that 
distinguished the child from each parent, which were used to assign the identity of each 
the child’s homologues. In order to map meiotic recombination breakpoints at high-
resolution we performed a pairwise comparison of each child’s homologue to both 
maternal and paternal homologues. For this comparison only parental heterozygous 
positions covered in the child were considered. Every comparison was encoded 
as a vector of zeros and ones based on the parental homologue to which child’s 
homologue correspond (zero – parental homologue 1, one – parental homologue 2). 
Then a circular binary segmentation algorithm (R package fastseg, minSeg set to 150) 
(Klambauer et al. 2012) was applied on the binary vectors using a custom R script. 
Segments smaller than 5Mb were filtered out. Meiotic breakpoints were localized 
as the end position of one segment and start position of the following segment. 
 To visualize meiotic breakpoints, we calculated the level of similarity between 
paired homologues by scanning the chromosome using a 10 k-mer (10 consecutive 
heterozygous SNVs) long sliding window (moving by one heterozygous position 
at a time). This allowed us to compare 10 heterozygous SNV positions between the 
homologues and calculate the degree of similarity in the window. Similarity was 
calculated as the reverse of Hamming distances with a match score +1 and mismatch 
penalty -2. Meiotic recombination breakpoints were located as positions where 
similarity of a single child’s homologue abruptly drops and instead matched the 
other parental homologue. Final mapping and validation of meiotic recombination 
breakpoints was done by visual confirmation of the haplotype switch.
 To look for shorter switches in haplotypes we used homologue specific 
BAM files for each family member, as discussed above. We performed a pairwise 
comparison of each child’s homologue to both maternal and paternal homologues 
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considering only parental heterozygous positions covered in the child. Initially, 
we split each homologue into a smaller regions at positions of mapped meiotic 
recombination events. Then using a 3 k-mer (3 consecutive heterozygous SNVs) 
sliding window (moving by one heterozygous position at a time) we calculated the 
level of similarity in every window, as mentioned above. Switch event breakpoints 
were located as positions where similarity of a single child’s homologue drops and 
instead matched the other parental homologue. Lastly we filtered out regions that 
overlapped with regional switches in read directionality and with low SNVs of 
quality (< 100). Putative gene conversion event was defined as a short region where 
single child’s homologue corresponding to one parental homologue, matched the 
other homologue instead.
 To compare the location of our recombination breakpoint predictions to 
those listed in the deCODE project, the deCODE recombination hotspot file was 
downloaded from the UCSC Genome Table Browser database using table browser, 
HapMap CEU hapmap release 24. We selected deCODE recombination rates 
overlapping with regions of our meiotic recombination breakpoints. For each meiotic 
recombination region defined in our data we look for overlaps with defined regions of 
meiotic recombination rates. We repeated this process for regions 50kb downstream 
and upstream from Strand-seq defined meiotic recombination breakpoints.

2. Strand-seq phasing of structural variants from 1000 Genomes Project
 In order to prove that Strand-seq can be used as a tool to phase structural 
variants (SV) of various sizes we explored previously mapped and phased variants 
from 1000 Genomes Project (Sudmant et al. 2015). VCF file with phased SV for 
this study was downloaded from ftp://ftp.1000genomes.ebi.ac.uk/vol1/ftp/phase3/
integrated_sv_map/ALL.wgs.integrated_sv_map_v2.20130502.svs.genotypes.
vcf.gz. For our analysis we filtered out deletions smaller than 1kb. We extracted 
coordinates of each deletion from the VCF file and transferred them from the 
reference genome hg19 to hg18 using UCSC’s liftover tool. We decided to phase 
this set of deletion for whole trio to be able to see inheritance patterns as well. For 
this analysis we used homologue specific BAM files (Chapter 2, Fig. 6A) created by 
StrandPhase. Next we simply counted the number of reads within the boundaries of 
each deletion for all homologue specific BAM files using a custom PERL script and 
SAMtools. Additionally, we excluded deletions with read count lower than 50 reads 
across all homologue specific BAM files. We manually genotyped every deletion for 
all three individuals. Next we attempted to phase smaller SV (< 1kb) like indels as 
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well. List of mapped indels for NA12878 was obtained from:
ftp://ftp.1000genomes.ebi.ac.uk/vol1/ftp/release/20130502/. 
First we have transferred coordinates of all SVs in the list from the reference genome 
hg19 to hg18 using overlapping rs IDs from dbSNP138. List of SVs from the VCF 
file was then genotyped in both homologue specific BAM files using GATK’s 
HaplotypeCaller with default settings (McKenna et al. 2010). Resulting VCF file is 
available upon request.

3. Evaluation of single cell haplotypes
 To test for haplotype switches at the single cell level, we performed a pairwise 
comparison of each single cell haplotype to both consensus haplotypes for every 
chromosome. As above, only heterozygous positions between consensus haplotypes 
and the single cell were considered. For each heterozygous position, the consensus 
base was called as highest abundant nucleotide at that position across all cells. 
We scanned each chromosome by a 3 k-mer (3 consecutive heterozygous SNVs) 
sliding window (moving by one heterozygous position at a time) to systematically 
compare 3 heterozygous positions and assess the level of similarity between the 
single cell haplotype and the consensus haplotype. For each comparison, the level 
of similarity was calculated as a reverse of a Hamming distances with match score 
+1 and mismatch penalty -2. We selected putative LOH regions where at least three 
consecutive heterozygous positions switched in one haplotype of a single cell but 
not in the other haplotype. We filtered regions smaller than 1kb, to ensure that not 
all heterozygous positions are part of a single erroneous read, but were covered by 
independent reads. Data visualization was performed using R package ggbio (Yin, 
Cook, and Lawrence 2012).

4. Enrichment analysis of single cell haplotypes
 To estimate how many additional HapMap reference variants can be phased 
we used publicly available WGS data for NA12878 (SRR1910366 – NCBI SRA 
archive). This dataset contains 250bp long paired-end reads sequenced on Illumina 
2500 platform. The average fragment length sequenced was 450bp. We aligned these 
data to the reference genome NCBI36 using the Bowtie 2 (Langmead and Salzberg 
2012) aligner. Subsequently we searched for the read pairs for which at least one 
mate of the pair overlapped with phased heterozygous SNV in our data. For this 
we used ‘findOverlaps’ function from R package Genomic Ranges. Our analysis is 
based on the fact the every given read pair originate from the same fragment of DNA 
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(same haplotype), therefore every mate of the pair overlapping with a phased SNV 
can be used as an anchor to phase the other mate of the read pair.

DISCUSSION
 Here we have demonstrated few practical and important application of 
Strand-seq guided haplotyping. While Strand-seq provide a robust framework to 
phase diploid genomes of an individual there are few obvious limitations of this 
technique. An important limitations of our current method is the requirement 
for BrdU incorporation in dividing cells as the input for Strand-seq, and the low 
genome coverage of single cell libraries. However, we believe these limitations are 
mitigated by the possibility to rapidly phase entire chromosomes without family 
or population information. Moreover, we have shown that low density haplotypes 
obtained by Strand-seq can be augmented by other data, such as short- and long-
read whole genome sequencing (WGS) technologies. Use of alternative data types 
will eventually allow for sequencing lower numbers of Strand-seq libraries while 
keeping long-range phasing and high density of phased alleles. This will go hand-in-
hand with lowering the final costs needed to phase diploid genomes what will bring 
this technique closer to the wider adoption in practice.
 Additionally, we have shown that Strand-seq phasing can be combined 
with mapping of structural variants, such as deletions and duplications, which is 
of major interest for clinical research. Importantly, this technique offers a unique 
possibility to map and phase balanced structural rearrangements like inversion, 
which are notoriously difficult to map using current technologies. Furthermore, in 
contrast to other techniques, partitioning of Strand-seq reads is not compromised by 
homozygosity or low complexity regions and allows to phase structural variants in 
such regions of the genome. Lastly, single cell resolution of our technique allows to 
track haplotype differences at the single cell level. This is a valuable feature to study 
heterogeneous cell populations, like cancer.
 We expect that future studies on haplotypes will benefit from the combination 
of Strand-seq and long-read technologies to assemble complete and chromosome-
long haplotypes. As single cell sequencing becomes more and more accessible, we 
anticipate that Strand-seq haplotyping will have an important contribution to de novo 
assembly of haplotype-resolved personal genomes and thereby greatly facilitate 
studies of genomic variants in human health and disease.
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Data access
The StrandPhase software, custom data processing scripts (Perl and R code) and data 
used in this study are publicly available through GitHub repository (https://github.
com/daewoooo/StrandPhase). Strand-seq libraries selected for this study have been 
submitted to the European Nucleotide Archive (http://www.ebi.ac.uk/ena) under the 
accession number: PRJEB14185.
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