
1

Vol.:(0123456789)

Scientific Reports |         (2024) 14:5583  | https://doi.org/10.1038/s41598-024-56402-w

www.nature.com/scientificreports

A long‑read sequencing strategy 
with overlapping linkers 
on adjacent fragments (OLAF‑Seq) 
for targeted resequencing 
and enrichment
Lahari Uppuluri 1,5, Christina Huan Shi 2,5, Dharma Varapula 1, Eleanor Young 1, 
Rachel L. Ehrlich 3,4, Yilin Wang 1, Danielle Piazza 3,4, Joshua Chang Mell 3,4, Kevin Y. Yip 2 & 
Ming Xiao 1,4*

In this report, we present OLAF‑Seq, a novel strategy to construct a long‑read sequencing library such 
that adjacent fragments are linked with end‑terminal duplications. We use the CRISPR‑Cas9 nickase 
enzyme and a pool of multiple sgRNAs to perform non‑random fragmentation of targeted long DNA 
molecules (> 300kb) into smaller library‑sized fragments (about 20 kbp) in a manner so as to retain 
physical linkage information (up to 1000 bp) between adjacent fragments. DNA molecules targeted 
for fragmentation are preferentially ligated with adaptors for sequencing, so this method can enrich 
targeted regions while taking advantage of the long‑read sequencing platforms. This enables the 
sequencing of target regions with significantly lower total coverage, and the genome sequence within 
linker regions provides information for assembly and phasing. We demonstrated the validity and 
efficacy of the method first using phage and then by sequencing a panel of 100 full‑length cancer‑
related genes (including both exons and introns) in the human genome. When the designed linkers 
contained heterozygous genetic variants, long haplotypes could be established. This sequencing 
strategy can be readily applied in both PacBio and Oxford Nanopore platforms for both long and short 
genes with an easy protocol. This economically viable approach is useful for targeted enrichment of 
hundreds of target genomic regions and where long no‑gap contigs need deep sequencing.

The advent of high-throughput sequencing technologies has brought about significant advancement in our 
understanding of genomics, enabling tasks such as constructing references, identifying disease-causing variants, 
and uncovering both small and large-scale structural variation among genomes. While short-read sequencing 
stands out for its exceptional cost effectiveness and base calling accuracy, its limited read length of a few hundred 
base pairs (bp) presents two significant challenges in genome analysis (a) complete de novo genome assembly 
and (b) detection of large structural variations (SVs). These challenges are caused in part by the presence of 
large repeat families and complex genomic loci. Overcoming these challenges has led to the adoption of long-
read sequencing technologies, mainly the PacBio SMRT and Oxford Nanopore technologies. One advantage 
of PacBio sequencing is that it provides longer reads that can cover complex and repetitive regions accurately, 
with an average error-corrected read length of 10–20  kbp1. Meanwhile, Oxford Nanopore sequencing boasts an 
average read length of 20–50 kbp, with the ability to pass through DNA molecules as long as 1  Mbp2,3. However, 
nanopore sequencing may suffer from higher error  rates2,4,5 and super-long read events are quite rare due to 
relatively inefficient adaptor ligation and translocation of ultra-long DNA  molecules2. Both technologies offer 
substantially greater sequence contiguity than short-read sequencing—longer reads span across many of the 
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complex repetitive regions—therefore genome assembly, haplotype phasing, and calling simple and complex 
structural variants are vastly improved.

To generate a complete de novo assembly of the whole human genome, a combination of different sequenc-
ing technologies has been proven  successful6. Similarly, combining technologies has enabled the comprehen-
sive discovery of structural variants, especially those larger than 50  bp7. However, using multiple technology 
platforms to comprehensively survey the entire human genome raises project complexity and computational 
costs, making it impractical for broad usage, especially in clinical diagnostics. For the majority of resequencing 
projects, targeted approaches can be more efficient and cost-effective compared to whole genome sequencing 
(WGS). It is important for targeted approaches to possess a high level of multiplicity, high accuracy, and target-
ing flexibility across the human genome including complex regions, have straightforward workflows, and incur 
a low cost. Combining the benefits of targeted sequencing with long-read technologies can potentially provide 
ways to address both the de novo assembly of complex regions and the discovery of large, complex SVs. Several 
target enrichment approaches have been employed alongside long-read technologies, including PCR-based8,9, 
computational  screening10, and commercial Cas9-based enrichment  products11. CRISPR-Cas9-mediated tar-
geted sequencing applications are gaining popularity due to the lack of an amplification requirement and the 
programmability of fragmentation sites to release long-read compatible DNA  fragments12. In the same vein, 
nanopore sequencing is widely used for its low acquisition cost, straightforward library preparation, and for its 
long-read lengths.

In one early report, Cas9 was used to digest genomic DNA (2–35 µg) at locations flanking a 200 kbp target 
region followed by size selection of the target via pulse field gel electrophoresis. Termed CATCH, the selectively 
enriched target DNA (< 2 ng) was long-range amplified, purified (20 µg), and 1 µg of the product was linearized, 
amplified for a second time, and purified, at the end of which 20–40 kbp amplicons were size-selected by pulsed-
field gel electrophoresis (PFGE) before sequencing library  preparation13. Shortly after, an alternative method 
was reported, dubbed FLASH, that performed Cas9 cleavage on dephosphorylated bacterial genomic DNA 
(25–100 ng), followed by purification, dA-tailing, sequencing adaptor ligation, repurification, and amplifica-
tion before Illumina  sequencing14. The number of sgRNAs used in FLASH was substantially higher than in any 
prior enrichment reports (in the order of 1000 s), making the assay capable of detecting a large multiplicity of 
targets. Although this method was applied to short-read sequencing of bacterial DNA, the simplicity of the 
process, achieved by eliminating multiple amplification and purification steps, is worth noting. Another notable 
observation is the relatively low amount of starting DNA needed for this method, compared to the starting DNA 
necessary to physically detect, excise, and purify from PFGE. However, it is important to mention that long-read 
sequencing, in general, demands higher loading DNA amounts compared to short-read sequencing.

A similar method of digesting dephosphorylated genomic DNA (3 µg) with Cas9, followed by adaptor ligation 
was recently combined with nanopore  sequencing15. Called nCATS, this method used no PCR amplification 
and presented a straightforward approach for targeted nanopore sequencing. Commercial Cas9-enrichment 
kits for long-read sequencing appear to closely resemble this procedure. Although well-characterized, the level 
of multiplexing possible (as in FLASH) was not demonstrated. One of the obstacles in testing for high target 
multiplicity is the lack of an inexpensive and facile means to produce a large number of sgRNAs required for a 
complex fragmentation reaction.

Although the novel methods described above were able to selectively enrich specific genomic intervals for 
long-read sequencing, the Cas9/sgRNA cleavage steps eliminated the linkage between adjacent fragments, thus 
losing information that could be used for genome assembly or haplotype phasing across adjacent fragments. Here, 
we present OLAF-Seq, a long-read sequencing strategy that is capable of sequencing long genomic regions in an 
enriched fashion together with greater multiplicity in targeting. Altogether, it can assemble critical genetic loci 
more accurately. We used the CRISPR-Cas9 editing system and carefully designed gRNA pairs to target genetic 
loci for enrichment. The genetic loci were tiled across by fragments matching average read lengths of the cur-
rent long-read technologies for efficient sequencing. These fragments were generated by non-random, directed 
activity of CRISPR-Cas9 nickase to sites on opposite strands within 1 kbp and using these nicks for new DNA 
replication resulting in the fragments sharing tandemly duplicated terminal ends.

The OLAF-Seq not only allows the orderly fragmentation of long targeted regions into smaller library-sized 
fragments while retaining physical linkage information between adjacent fragments, but also enables prefer-
ential ligation of targeted DNA fragments with adaptors for sequencing for significant enrichments of targeted 
regions, all in an economical assay. We demonstrate the validity and efficacy of our method by first sequencing 
full length of phage lambda and then a panel of about 100 full-length cancer genes (including introns) in the 
human genome. When the designed linker sequences contained heterozygous genetic variants, long haplotypes 
could be established. These whole-gene haplotype sequences enable the study of genetic variants at non-coding 
regulatory elements and the detection of any allele-specific effects.

Results
The principle of overlapping linkers on adjacent fragments for sequencing
The approach relies on generating library-sized DNA fragments from long DNA molecules such that the 
300–1000 bp at the ends of the adjacent DNA fragments are duplicated. An overview of the overlapping linkers 
on adjacent fragments is shown in Fig. 1A; a long contiguous DNA molecule was non-randomly fragmented 
into many smaller fragments in such a way that the ends of the fragments (circled) shared the specific identical 
sequences up to 1000 bp (blue and green rectangles), called linkers or linker sequences. The linker sequence on 
the right end of fragment #1 is identical to the linker sequence on the left end of fragment 2. Fragments 1 and 
2 share a linker indicated in the blue rectangle. Similarly, the right end of fragment #2 is identical to left end of 
fragment #3, indicated by green rectangle and so forth. When such fragments are sequenced, the overlapping 
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linker sequences in the reads allow for the identification of their adjacent fragments. This orderly fragmentation 
and linker generation occurs before sequencing library preparation, and therefore the resulting DNA fragments 
can be processed and sequenced on current platforms, including Illumina, PacBio, and Oxford Nanopore. By 
implementing this method upstream of sequencing, it is possible to target and sequence many loci in the human 
genome, analyze long structural variations including copy numbers, and in principle resolve their haplotypes. 
By preserving linkers, very long genes can also be sequenced and efficiently de novo assembled.

An overview of linker-pair fragmentation is shown in Fig. 1B. First, a pair of staggered nicks on opposing 
strands (black triangles arrows in Fig. 1B) in regions of interest on high molecular weight DNA molecules. These 
nicks are up to1000 bp apart and made using the mutant Cas9D10A or Cas9H840A protein with two unique 
sgRNAs. One such nick pair by Cas9 H840A nickase is shown in Fig. 1B. Then, DNA polymerases with strand 
displacing capabilities like Klenow (exo-) or Vent (exo-) polymerase are used to synthesize new DNA strands 
from both nick sites while displacing the original strands. New synthesis, indicated as red arrows, is replicated off 

Figure 1.  (A) Schematic showing the fundamental concept of overlapping linkers on adjacent fragments for 
sequencing. A long DNA molecule (black bars) is deliberately fragmented in a way such that neighboring 
fragment pairs share end-terminal duplications. In this case, five fragments are generated. Fragments 1 and 2 are 
shown to share identical terminal sequence (linker) highlighted in blue rectangle. Fragments 2 and 3 are shown 
to share identical terminal sequence (linker) in green rectangle, and so forth. (B) Linker generation overview. 
Staggered nicks (black triangles) are first introduced into long DNA molecules (black bars) at specific sites 
(blue sequence + NGG) by Cas9 nickases. Next, strand displacing Vent exo- DNA polymerase starts new strand 
synthesis, which is a replication of the older strand, (red arrow) from the nick sites while translating the nicks 
and displacing the original strand (black-flap). The translated nicks move towards each other with new strand 
synthesis ultimately breaking the DNA; polymerases keep filling new strands until the end is blunt. Thus, the 
identical terminal sequences become linkers (identified by the dashed rectangle) connecting both fragments. 
(C) The workflow of constructing the linked-fragments library in OLAF-Seq. Input DNA (black bars) with 
target regions (yellow bars) are first preprocessed by 5’-dephosphorylated and 3’-blocking. Preprocessed 
samples without a phosphate group at the 5’ end and without a hydroxyl group at the 3’ end (gray cross-black 
bars) are nicked with Cas9-nickase-sgRNA complexes to introduce staggered nicks (red triangles) at target 
loci. Vent exo- is used to generate linked-fragments of the target loci. These fragments are subject to regular 
library construction protocol, dA-tailing and ligation with sequencing-adapters (blue bars, Y-shaped). Once 
ligated, these fragments can be sequenced on a flow cell. Sequencing adapters will not be attached to non-target 
fragments.
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the original strands. As these two newly synthesized strands extend toward each other, dsDNA breaks off while 
DNA polymerase continues to fill in the single-stranded 5’ overhangs (black flaps in Fig. 1B). Consequently, the 
two fragments share identical tandem duplicated sequence, highlighted by a rectangle at the fragment ends in 
Fig. 1B and a linker is generated by a pair of sgRNA nick sites. Two pairs of nick sites together generate a linked-
pair fragment. Length of linker is defined as the distance between NGG -3 bases of the upstream nick site to 
NGG + 3 bases of the downstream nick site within the same linker region. Outermost fragments at each locus of 
interest receives only one linker. Fragment length is defined as distance between two linkers (linkers included). 
In case of single-linker fragments, the length becomes distance to nearest end (Fig. 1B).

Schematic in Fig. 1C shows the complete workflow for a typical linked-fragments library preparation for 
OLAF-Seq of more complex genome like bacterial or human DNA. The process starts with minimally fragmented 
high molecular weight DNA (black bars) sample for input. Sample is pre-processed with 5’ dephosphorylation 
and 3’ blocking of randomly available ends in DNA. Dephosphorylation with a phosphatase enzyme removes 
a phosphate group from all available 5’ ends (indicated as (P) in Fig. 1C). 3’ ends are rendered inactive by 
incorporation of dideoxynucleotides by Klenow exo- DNA polymerase. These preprocessing steps (indicated 
by grey cross on DNA) are crucial to prevent sequencing-adaptor ligation to non-target DNA and minimizing 
sequencing of off-target DNA fragments. Next, staggered nick site pairs (red triangles) are introduced into 
loci of interest (yellow stretches) on pre-processed long DNA fragments by an appropriate Cas9 nickase. Vent 
(exo-) polymerase is used to extend from nick sites towards each other resulting in controlled, non-random 
fragmentation of target regions into library-sized fragments. These fragments are cleaned up and dA-tailed 
before ligation. Freshly fragmented DNA retains active 5’ and 3’ ends which are available and are preferably 
tagged with a sequencing-adapter. Thus, prepared library is put on a sequencer where fragments which have an 
adapter tagged can be sequenced.

Performance of OLAF‑Seq in model systems
We first used Lambda phage DNA (48.5 kbp) as model systems to demonstrate OLAF-Seq strategy and charac-
terize two key parameters, fragmentation efficiency and contiguity without gaps. A set of six sgRNA pairs was 
designed to cover the linear lambda DNA, generating seven linked-fragments, i.e., fragments connected by over-
lapping linkers, ranging from 1 to 13 kbp connected by linkers ranging from 50 to 250 bp (Table 1, Supplementary 
Table S1). Figure 2A shows the schematic design of the sgRNAs. The nick sites generated by 6 pairs of gRNAs are 
shown as black arrows and the six linker sequences are depicted as orange dots on the Lambda DNA (gray bar). 
The linked-fragments then were generated by first nicking 1000 ng of Lambda DNA with Cas9D10A nickase and 
then extending with Vent (exo-) DNA polymerase. The generated product was electrophoresed on 1% agarose. 
The gel image in Fig. 2B and Supplementary Figure S1 confirmed that correctly sized fragments were generated.

Fragments of 1, 2.5, 7, 11.5, and 13.3 kbp were observed as discrete bands, whereas the 6.4 and 6.9 kbp frag-
ments were not clearly resolved and resulted in a merged band of higher intensity. The peak at 10 kbp could be 
arising from non-fragmented reads at the 4th linker. The remaining sample was cleaned before adapter ligation 
and loading on the nanopore flow cell. In Fig. 2C, a histogram of sequencing read lengths from this experiment 
is shown, in which read counts correspond to those that fully cover an anticipated fragment. All peaks from the 
histogram mapped to the anticipated fragment lengths from the sgRNA design.

A snapshot of a subset of aligned reads with linkers is shown in Fig. 3. Panel 3A shows sgRNA pairs with nick 
sites, linker sequences, and anticipated fragments indicated. Panel 3B has the coverage track followed by a subset 
of all sequenced reads. On analyzing the alignment, an increase in coverage at all six overlapping linkers (yel-
low dots) was observed, due to the generation of duplicated sequences during non-random fragmentation. Two 
examples of linkers can be observed in Fig. 3C, which shows a zoomed-in view of the sequencing reads. For linker 

Table 1.  Fragmentation efficiency of Lambda DNA with OLAF-Seq strategy.

First sgRNA at linker site 
(location bp)

First sgRNA at linker site 
(location bp) Linker length (bp) Fragment length (bp) Reads with linkers Reads without linkers

Fragmentation efficiency 
(%)

Expt. 1

sgRNA1 (6270) sgRNA2 (6359) 83 6359 4013 526 88.4

sgRNA3 (13,090) sgRNA4 (13,164) 68 6894 2473 935 64.2

sgRNA5 (24,569) sgRNA6 (24,649) 74 11,559 2161 238 65.4

sgRNA7 (27,154) sgRNA8 (27,431) 81 2862 6440 2053 68.3

sgRNA9 (34,261) sgRNA10 (34,495) 231 7341 2591 3511 32.2

sgRNA11 (47,446) sgRNA12 (47,586) 134 13,325 2197 531 34.2

1056 8576 80.5

Expt. 2

sgRNA13 (24,629) sgRNA14 (24,728) 99 330 232

sgRNA15 (26,560) sgRNA16 (27,160) 600 2531 1195 20 98.4

Expt. 3

sgRNA17(21,980) sgRNA18 (23,010) 1030 27 42

sgRNA19(24,629) sgRNA20 (24,725) 96 2745 629 259 70.8
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1, the top set of reads can be seen extending from the left and terminating with the linker, whereas the bottom 
set of reads begins with the linker and extends to the right showing successful generation of linked pair reads.

To assess the system performance, the percentage of reads containing the linker sequences between any two 
pairs of nick sites, i.e., fragmentation efficiency, was determined and reported in Table 1. For calculating the frag-
mentation efficiencies, we accounted for the sequenced reads arising from DNA molecules whose ends mapped 
to predicted linkers or instead mapped across the linkers with no evidence of fragmentation or duplication.

For example, we can calculate the fragmentation efficiency of the first linker by counting reads. Between 
the 1st base of Lambda DNA and the first linker (sgRNA1 at 6270 bp and sgRNA2 at 6359 bp), there were 4013 
reads with linkers and a read length of ~ 6.3 kbp. Also, 526 reads were mapped across this linker without any 
break. Thus, the fragmentation efficiency at this site was computed to be 4013/(4013 + 526) = 88.41% (a fraction 
of the reads with linkers among the total sequenced reads). Similarly, the fragmentation efficiency of the 6.9 kbp 
fragment between the first pair of nicks and the second pair of nicks (sgRNA3 and sgRNA4) was observed to be 
64.16% after accounting for linker generation on both ends of the fragment. While an average fragmentation effi-
ciency of 62.1% was observed, fragments flanking the 231 bp linker had lower efficiency. However, reads with the 
correct end-terminal linkers adjacent to this 231 bp linker were high at 76% and 81% respectively. We supposed 
that this decrease could either have been due to the on-target nicking efficiencies of sgRNA 9 or sgRNA10. An 
inefficient extension of the polymerase in extending to a full linker length of 231 bp and ultimately fragmenting 
the genome was also a possibility.

We then designed additional pairs of sgRNAs to evaluate the feasibility and efficiency of generating longer 
linkers. The sgRNA13–sgRNA16 pairs generated one 600 bp linker and one 99 bp linker on Lambda DNA, and 
sgRNA17– sgRNA20 generated one 1 kbp linker and one 96 bp linker. Independent experiments (Expt. 2 and 
Expt. 3 in Table 1) were conducted, showing that the fragmentation efficiency for these two longer linkers was as 
high as that of the smaller linkers. This suggests that the lower fragmentation efficiency of the 231 bp linker for 
Expt. 1 was likely due to the lower on-target nicking efficiencies of sgRNA 9 or sgRNA10designed for this linker.

Figure 2.  Lambda genome was fragmented and sequenced following the OLAF-Seq strategy. (A) shows a 
schematic with the linker sequences (orange dots) anticipated by the designed six sgRNA pairs (arrows) along 
Lambda DNA backbone (Gray line). It will generate 7 fragments with lengths varying between 2.8 and 11.5 kb. 
(B) Agarose gel images. The Lambda linked-fragments produced are a good match with the design shown in 
(A). (C) Oxford nanopore sequencing results of Lambda OLAF-Seq library. It shows a histogram of sequencing 
read lengths from this experiment. X-axis represents read lengths and Y-axis represents read counts. Dark 
arrows show peaks for linked-fragments corresponding to anticipated linked-fragments. Unexpected 10.1 kb 
(white arrow) at peak is from unfragmented linker between 2.8 and 7.3 kb fragments.
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Targeted sequencing and enrichment of a full‑length cancer gene panel with OLAF‑Seq
In our initial experiments with Lambda model system, our protocol was successful in performing OLAF-Seq 
with linkers up to 1000 bp. To scale up as well as to characterize the on-target enrichment of our protocol, we 
performed targeted sequencing in the human genome. A set of 103 cancer genes were shortlisted from a panel of 
frequently mutated cancer  genes16,17, and 384 sgRNA sequences (Supplementary Tables S2 and S3) were designed 
to fragment and sequence DNA using the OLAF-Seq method with Oxford Nanopore sequencing. Since the 
human genome is several thousand-fold larger than our model systems in addition to having several stretches 
of complex and hard-to-sequence regions, there will be an increased likelihood of sequencing non-target frag-
ments. To suppress the availability of non-target fragments to sequencing adapter ligation, we first treated the 
DNA samples with a 5’ dephosphorylating enzyme to dephosphorylate any randomly available 5’ ends due to 
internal nicks or  damage15. To further suppress the background and improve reaction efficiency, we introduced 
dideoxynucleotides at all available 3’-ends to inhibit non-specific extensions and therefore ligations. Adding these 
pre-processing steps to our earlier protocol increased target enrichment (Fig. 1C) by increasing the likelihood of 
selective ligation of adapters to target fragments which are favorably sized to translate through nanopores. We 
also assayed and optimized other parameters including reaction buffers, sgRNA, and enzyme concentrations 
to improve the OLAF-seq protocol for the human genome. The same is also reported in the methods section.

We developed a computational method for designing sgRNAs that produce DNA fragments covering specific 
target genomic loci (detailed in methods section). Briefly, for each target locus too long to be covered by a single 
sequencing read, neighboring DNA fragments shared a common linker such that they could be easily assembled. 
Our method considered various factors in the design, including read length, linker length, off-target effects of 
sgRNA targeting, and genetic polymorphisms that may influence on-target binding or facilitate haplotype recon-
struction. This method was applied to design 384 sgRNAs to produce a total of 160 DNA fragments that cover 
103 cancer genes (Supplementary Tables S2 and S3). The panel included 29 long genes which were designed to 

Figure 3.  Visualization of sequencing reads of Lambda linked-fragments in Expt. 1. (A) Shows designed 
sgRNA (arrows) and anticipated linker sequences (orange dots) on the Lambda reference genome (gray bar). (B) 
Shows a track with the depth of reads coverage along Lambda DNA reference followed by a subset of sequencing 
reads (grey lines) aligned to the Lambda reference. (C) Zoomed-in regions (circles in B) where the neighboring 
fragments have identical linker sequences. Linker sequence #1 (left) is shared between fragments 6.4 kb and 6.9 
kb (A) and linker sequence #4 is (right) is shared between fragments 2.8 kb and 7.3 kb (A).
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be covered by two or more reads and 74 shorter genes were designed to be covered by a single read. The designed 
384 gRNAs together were expected to produce a total of 160 fragments of ~ 15 kbp length. For genes covered by 
more than one fragment, the fragments were designed to be connected by linkers 200–500 bp in size.

Based on our design, the linked-fragments sequencing library was generated in two steps from the human 
lymphoblastoid cell line NA12878, i.e., by sequential fragmentation of the short genes followed by the long 
genes. A total of 1,083,376 reads with an average read length of 12,066 bp were produced resulting in a total of 
13,071,923,552 bp after adapter trimming, corresponding to a 4.2× average genome-wide coverage. To understand 
the origin of these reads, we aligned them all to the reference human genome GRCh38. About 99.1% of reads 
produced aligned to the reference. The aligned sequencing reads fully covered all the designed linker regions 
and target genes, resulting in on-target coverage of 100%. Next, we studied the enrichment of sequencing reads 
at the target cancer gene loci. The average depth of coverage at the gene body region (from the first transcrip-
tion start site [TSS] to the last transcription termination site [TTS]) was 30.9× (Fig. 4A), which was seven-fold 
higher than the baseline genome-wide coverage. In our gRNA design, to fully cover the cancer gene set, the 
terminal linkers were set outside the gene body regions. As a result, some flanking regions were also enriched, 
and depth-of-coverage gradually decreased to the genome-wide average as a function of distance from the gene 
body region (Fig. 4A). When we focused on whole target regions, i.e., the genomic spans covered by the expected 
DNA fragments, rather than the gene body regions only, we got an even bigger contrast of the depth of coverage 
between the target regions and the flanking regions (Fig. 4B).

An example of reads aligned to one of the long genes, NBN (Chr8: 89,933,335–89,984,724) as viewed in IGV 
is shown in Fig. 5. The gene locus is annotated at the top (gray bar) and has > 50× coverage. The pairs of gRNAs, 
shown as black arrows, indicated the nick sites for generating the four linkers (yellow dots). The black arrows 
correspond to the spikes in coverage at four locations as a result of overlapping linkers. Two dashed circles shown 
in the coverage track indicate amplifiedcoverage due to the linker sequences of both fragments. The bottom 
two panels of Fig. 5 show a zoomed-in view of the 2nd and the 3rd linker sequences on the NBN gene. In each 
zoomed-in panel, the top fragments can be seen extending from the left and terminating with the linker while 
the bottom fragments begin with the linker and extend to the right. In this experiment, the non-target region 
has an average of ~ 4 × sequencing depth, while the coverage of the targeted region has much higher average 
coverage resulting in 7× enrichment. The average fragmentation efficiencies of all the sgRNAs used were found 
to be 45.7%-84.4%. Altogether, our results demonstrate the proof-in principle for targeted sequencing using 
OLAF-Seq long-read sequencing strategy.

Next, we used the read alignments to reconstruct the haplotypes of two long genes, NBN (Fig. 6) and PIK3R1 
(Supplementary Figure S2). For the NBN gene, we designed 4 pairs of sgRNAs that would cover the whole gene 
with 5 DNA fragments, where each adjacent pair of fragments shared a linker. The actual sequencing reads pro-
duced were indeed enriched in the gene body region and there are clear peaks of increased coverage at the linker 
regions (Fig. 6A). Within the linker regions, we identified 6 heterozygous single-nucleotide variants (SNVs) by 
comparing our reads with the reference and phased them into two haplotypes found in the GM12878 reference 
genome (Fig. 6B, C) 18. We used a graph-based method to reconstruct the haplotypes using our sequencing reads 
detailed in methods section). Briefly, for any two SNV sites, if they were covered by the same sequencing read, 
we put an edge between their alleles whose weight was equal to the number of reads with both alleles. These 
edges together formed a graph (Fig. 6E). By selecting only allele pairs with a statistically significant number of 
supporting reads (p < 0.05, Fisher’s exact test), two separate haplotypes are formed, which are consistent with 
the haplotypes determined by GIAB (Fig. 6E). For the PIK3R1 gene, we designed 7 pairs of gRNAs that would 
cover the whole gene with 8 DNA fragments, again with every pair of adjacent fragments sharing a linker (Sup-
plementary Figure S2A). Among these 7 linkers, the first and last ones are outside the gene body region, while 
the remaining 5 are inside it (Supplementary Figure S2B). Within these 5 linkers, we identified 4 heterozygous 
SNVs and 1 heterozygous deletion, which had also been identified by the GIAB project. Using the same graph-
based approach, we phased these 5 variants into two haplotypes, which were consistent with the GIAB haplotypes 
(Supplementary Figure S2C–E).

Figure 4.  (A, B) Enrichment of aligned sequencing reads at all the cancer gene loci included in our design. (A) 
Each gene body region (from TSS to TTS) or (B) target region (from first sgRNA to last sgRNA) and each 20kb 
flanking region was divided into 100 equal-sized sub-regions and the average depth of coverage of each sub-
region, over all included genes, only the short genes, or only the long genes, is shown as a single dot.
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Figure 5.  Sequencing and read alignment of the NBN cancer gene (double-headed arrow) on chromosome 
8 with our OLAF-Seq strategy. The top two lines show that four linkers (yellow bars) are created by four 
corresponding pairs of gRNAs (black arrows). The coverage plot below them shows the number of aligned reads 
covering each genomic position, with clear increase of read coverage at the linker regions observed. The next 
part shows alignments of individual reads (gray horizontal lines) to the NBN locus, which cover both the exons 
and introns. The last part shows zoomed-in views of the ends of reads aligned near the second and third linkers, 
which clearly show the overlap of adjacent DNA fragments due to the linkers.
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Figure 6.  Haplotype phasing of the heterozygous variants within the linker regions of the gene NBN. (A) 
Depth of sequencing reads aligned to the gene region. (B) The six heterozygous SNVs within the four linkers 
and the corresponding haplotypes phased by GIAB. (C, D) Haplotype graphs constructed (C) by aligning the 
sequencing reads to the reference genome and (D) by multiple sequence alignment of the sequencing reads. 
Each solid black line indicates two alleles found on the same read that are from the same GIAB haplotype, 
and each dotted red line indicates two alleles found on the same read that are from different GIAB haplotypes. 
Each of these two types of lines is labeled by the number of supporting reads. (E) Haplotype phasing of all 
heterozygous SNVs within the genes. In each panel, the variant sites are ordered from left to right according to 
their genomic locations. The two alleles from each variant site are placed at either the upper or lower semi-circle, 
according to the haplotype that it was assigned to by our method. Both the width and darkness of each edge 
reflect the number of reads in which the two alleles that define the edge co-appear.
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We further explored the possibility of de novo haplotype reconstruction without making use of a reference 
genome. The main idea is still to connect variant alleles that appear in different linkers of a sequencing read, but 
instead of defining the variant sites by aligning sequencing reads to a reference, we defined them by performing 
multiple sequence alignments of the sequencing reads themselves (detailed in methods section). For the NBN 
and PIK3R1 genes, the resulting haplotypes were consistent with the ones from GIAB (Fig. 6D and Supplemen-
tary Figure S2D).

For this design, we considered only heterozygous variants within the linkers, which were specifically designed 
by our algorithm to serve as anchor points for phasing the haplotypes of long genes. On the other hand, genes can 
also contain heterozygous variants outside the linkers. To see if our linked-fragments sequencing method can also 
phase the haplotypes of these variants, we identified all heterozygous SNVs within the gene body regions of NBN 
and PIK3R1 from the read alignments. Again, we connected alleles at different variant sites by an edge whose 
weight was the number of reads in which the alleles cooccurred. For the NBN gene, we identified 71 heterozygous 
SNVs from its gene body, and successfully phased 69 of them into two haplotypes that were fully consistent with 
GIAB haplotypes (Fig. 6A). The remaining 2 SNVs were not identified by GIAB. For the PIK3R1 gene, we iden-
tified 61 heterozygous SNVs from its gene body. We phased 59 of them into two haplotypes, of which 58 were 
phased in the same way as GIAB (Supplementary Figure S2D). The remaining SNV was not identified by GIAB.

Discussion
The current long-read platforms can obtain sequencing reads upwards of 100 kbp–1Mbp + , but it is important 
to note that the frequency of these reads is significantly lower than that of ~ 20 kbp reads, which is closer to the 
average read length of both Nanopore and Pacbio  platforms2. Shorter molecules are favored for getting trapped 
by a sequencing pore or a SMRT well resulting in a trade-off between read lengths and throughput. As a result, 
longer molecules in a library contribute to lower sequencing yield. Targeted sequencing on top of this restricts 
the available number of molecules resulting in wasted throughput. Several groups have overcome this by using 
CRISPR-Cas based target enrichment methods due to their programmable nature and molecule-length-inde-
pendence for targeting unlike hybridization-based capture or PCR  enrichment12. There is continued interest in 
enrichment methods that are economical facile.

We report here a new approach, OLAF-Seq, in which the CRISPR-Cas9 editing system is leveraged to per-
form programmable non-random fragmentation of targets into favorably sized fragments for sequencing on 
long-read platforms. The sequencing library constructed using these linked-fragments maintains the contiguity 
of reads through the tandem duplicated sequences at fragment ends and improves the sequencing efficiency of 
targeted regions.

The simple lambda phage model was utilized for proof-of-concept experiments. Here, both the contiguity of 
alignment without gaps as well as fragmentation efficiency were measured. The sequencing library constructed 
using these fragments maintains the contiguity of reads through the tandem duplicated sequences at fragment 
ends and improves the sequencing efficiency of targeted regions. Together, this suggests the success of linked-
fragmentation protocol in tiling across a genomic stretch. Importantly, sgRNA probes targeting both short and 
long genes can be combined into a single set easily to generate a single library from a single protocol.

Next, we validated our approach for targeting sequencing the entire gene region including introns, exons, 
upstream and downstream flanking regions of a large heterogenous cancer gene panel comprising of a mix of 
long and short genes. Our experiments showed that the long genes were sequenced to an average depth of 34.7× 
and the short genes to an average depth of 23.9x. The differences in sequencing depths may be arising from 
differences in the sgRNA efficiencies. In contrast to other enrichment methods, it is worth noting that entire 
throughput generated has been generated in a single experiment. With fragments matching average read length 
of sequencing platforms, the likelihood of capture of target regions for sequencing is higher compared ultralong 
molecules. Our approach enables more information about targeted genes to be obtained with little to no extra 
cost compared to a whole exome sequencing assay or whole genome assay without sacrificed throughput. Coupled 
with improved error rates of Nanopore and PacBio technologies, OLAF-Seq approach could be readily applied 
to targeted resequencing, diagnostic gene panels to identify missed driving mutations, long range haplotyping 
of various targets in the microbial or human  genomes19–22. This protocol could also be used to profile structural 
variations and detect breakpoints. For this, additional alternative sgRNAs may be designed. For example, to 
capture a large heterozygous insertion or deletion, two or more pairs of sgRNAs, for targeting both haplotype 
with SV and without SV may be designed such that the SV falls within the  linkers23. Even if one of the linkers is 
missed due to the presence of an SV, the fragments can still be captured by the adjacent linkers. It must be noted, 
however, that increasing SV size will cause the enrichment to be non-uniform coverage.

Linkers are a unique feature of our approach. Iterative gRNA designs and experimentation with Lambda 
DNA indicate that long linkers up to 1000 bp could be generated with our protocol. It is crucial that the Cas9-
sgRNA has efficient on-target nicking activity and that the polymerase has strong displacement activity. Both 
Cas9D10A and Cas9H840A worked equally well while the Vent (exo-) polymerase performed the best among 
the polymerases tested. The efficiency of the sgRNA influenced the nicking itself and not the linker extension, 
which is influenced by the polymerase. The overall on-target efficiency in the human experiments is correlated 
well with the coverage, the higher coverage, the more efficient Cas9 nicking. On comparing the performance 
of sgRNA vs. cRNA/tracrRNA24,25, we found that both performed well (data not shown). The paired sgRNAs 
with comparable nicking efficiencies show more uniform linker generation. If one of the sgRNA was omitted 
accidentally or with lowed nicking efficiency, there will be no linker sequence or with lower efficiency. Linkers 
designed around variants could be used to resolve haplotypes and detect minor alleles. To investigate the allele 
frequencies within the long genes from the cancer-gene panel in this paper, we used 58 SNPs from linkers inside 
the gene body regions and calculated the ratios of the alleles. All of them were annotated with heterozygous alleles 
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by the GIAB  project18. The average frequency of the second popular allele is 0.4 suggesting similar frequencies 
between the top two most-frequent alleles.

Lastly, it is common practice to utilize tens of thousands of sgRNAs to expand multiplexed high through-
put CRISPR-Cas9  applications26. In vitro synthesis of these guides contributes to cost savings in our assay. We 
designed a total of 384 gRNAs, 119 gRNA pairs for long genes and 73 pairs for short genes. In the same vein, a 
few hundred up to a thousand guides has already been reported in the  literature24,27. There are several commer-
cial companies, such as GeneScript and Twist Bioscience, that offer custom synthesis services for up to 90,000 
sgRNAs. According to our preliminary analysis, this amount is sufficient for sequencing all the complete genes 
of the human genome, including introns and flanking intervals, with the OLAF-Seq strategy. It is worth noting 
that the species purity and concentration in an sgRNA pool can significantly affect the fragmentation efficiency 
and thus the performance.

Methods
DNA preparation
For this report, Lambda DNA was ordered from New England Biolabs (NEB). For experiments on the human 
genome, NA12878 cells (Coriell Institute) were taken from culture and their DNA was extracted using a 
Nanobind disk-based solid phase extraction kit (Bionano Genomics) as per manufacturer’s recommendations. 
The DNA samples were quantified before fragmentation reactions using Qubit and an AccuGreen Broad Range 
dsDNA Quantitation Kit (Biotium).

Single guide RNA design for Lambda experiments.
For this design, pairs of gRNAs, with one gRNA nicking the positive strand and one nicking the negative strand 
such that the linker sequences were 50–250 bp for Lambda were selected. Another constraint was that the frag-
ment length be under 25 kbp. The Lambda reference was scanned for all feasible 20mer-NGG sequences. The 
on- and off-target scores of these guides were checked on IDT’s CRISPR-Cas9 gRNA checker tool (www. idtdna. 
com/ site/ order/ desig ntool/ index/ CRISPR_ CUSTOM) and the guides with the best scores and most dissimilarity 
amongst the pool were shortlisted.

Single guide RNA synthesis
Oligomers encoded with a T7 promoter (5’-TTC TAA TAC GAC TCA CTA TAG), a 20mer single guide RNA 
(sgRNA) sequence, and a universal overlap sequence (5’-GTT TTA GAG CTA GA) were designed and ordered 
from IDT. These oligos were normalized in concentration, pooled, and hybridized to a universal 85-base oligo 
at the overlap, and extended to form dsDNA. These double-stranded oligos acted as templates for a subsequent 
in vitro transcription reaction in which the sgRNAs for the OLAF-Seq sequencing were generated. Briefly, a 
hybridization reaction was carried out in 1X Buffer 2 (NEB). 10 µM pool of designed oligomers and 10 µM of a 
complementary-overlap-containing-oligomer were first denatured at 95 °C for 15 s and allowed to hybridize at 
43 °C for 5 min. The hybridized oligos were then extended with 5U of Klenow (exo-) at 37 °C for 1 h in the pres-
ence of 2 mM dNTPs. Next, an exonuclease treatment was carried out at 37 °C for 1 h with 10U of exonuclease 
I (NEB) in 1X exonuclease buffer (NEB). The dsDNA was then purified using a Qiagen Nucleotide removal kit, 
and quality and quantity were assessed using UV–Vis spectroscopy on a Synergy H1 plate reader (Biotek). A 
transcription reaction was then carried out on the purified and quantified dsDNA using the T7 HiScribe tran-
scription kit (NEB). The T7 RNA Polymerase recognizes the T7 promoter region that seeds transcription of the 
adjacent 20-mer target sequence thus generating the targeting sgRNA for Cas9-mediated nicking of genomic 
DNA templates. The synthesized sgRNAs were purified using a Monarch RNA purification kit (NEB), and quality 
and quantity were assessed using UV–Vis spectroscopy on a Synergy H1 plate reader (Biotek). Purified dsDNA 
and sgRNA were stored at -20 °C and found to function for at least 3 months.

Generation of lambda phage linked‑fragments
First, 400 ng of Cas9nickase—Cas9H840A (IDT) or Cas9D10A (NEB) was pre-incubated in 1 × NEBuffer 3.1 
(NEB) with 25 pmol sgRNA at 37 °C for 15 min to form Cas9-Ribonucleoprotein complex. Then, 1000 ng of 
Lambda Phage (NEB) was added to the tube, and a nicking reaction was carried out at 37 °C for 2 h. Nicked DNA 
was then extended with 3 U of Vent (exo-) Polymerase (NEB), 100–300 µM dNTPs, and 1 × Thermopol (NEB) 
at 72 °C for 60 min. After extension, the reaction was purified twice with AMPURE XP beads and was assessed 
on 1% agarose gel before proceeding with sequencing library preparation.

Gel electrophoresis
After fragmentation and before library preparation, fragmented and purified DNA samples were assessed by 
running electrophoresis using a 1% agarose gel slab in 1X TAE buffer at 100 V for 75 min. DNA was stained with 
1X SYBR™ Safe stain (Invitrogen) and visualized on UVP GelStudio (Analytik Jena) in epifluorescence mode.

Library preparation and sequencing
About 0.5–1 µg of Lambda or 3–5 µg of purified NA12878 (Coriell Institute) fragments were used as input for 
sequencing library preparation. A dA-tailing reaction was performed in the presence of 1 mM dATPs and 1X 
Thermopol (NEB) with 5U of Taq DNA Polymerase 72 °C for 5 m. The manufacturer-recommended amounts of 
sequencing adapters and ligation buffer from the SQK-LSK109 kit (Oxford Nanopore) were added to this reaction 
along with NEBNext Quick T4DNA Ligase. The ligation reaction was carried on at room temperature for 15 min 
before AMPURE XP beads were cleaned up. The library was quantified with a Qubit fluorometer before mixing 

http://www.idtdna.com/site/order/designtool/index/CRISPR_CUSTOM
http://www.idtdna.com/site/order/designtool/index/CRISPR_CUSTOM
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with sequencing buffer loading beads and loading on a primed flow cell. Priming was carried out according to 
the manufacturer’s recommendations. Nanopore Sequencing was carried out on a MinION sequencer using 
FLO-FLG001 flongles or Minion R9.4 flow cells from ONT. The experiment was set up and run with live base 
calling performed using MinKNOW software with default configurations.

Lambda data visualization and analysis
The FASTQ files generated after the completion of the reads were aligned to respective references using Nano-
pore’s MinKNOW interface without any filtering. Integrated Genomics Viewer (IGV) was used to visualize the 
reads aligned to reference with default  parameters28. These alignments were manually analyzed to measure the 
performance of the OLAF-Seq strategy.

gRNA design for targeted sequencing of specific regions in the human genome
Our method designs the sgRNAs for a list of target regions that we want to cover (e.g., a list of genes) jointly 
(Supplementary Figure S3). For each target region, we cover it using n sub-regions (s1, s2, …, sn) of fixed lengths, 
where s1 starts before the target region, sn starts after the region, and each region has a length that can be covered 
by a single sequencing read (Supplementary Figure S3A). Within each sub-region, we define a linker-search 
area (LSA), which is where we search for a suitable location for a linker (Supplementary Figure S3A). The size 
of the LSAs is a parameter for trading off between high flexibility (with larger LSAs) and low searching time 
(with smaller LSAs).

Inside each LSA, we first enumerate all 20-mers (i.e., length-20 sequences) that are followed by the PAM 
(NGG) contained in the LSA as a candidate gRNA target site (Supplementary Figure S3B). These candidates are 
then subjected to several rounds of filtering (Supplementary Figure S3B). First, to achieve good enrichment of 
sequencing reads at our target regions, we considered only candidate gRNA target sites with a unique sequence 
in the reference genome. Second, since gRNA targeting is less effective for sites with extreme GC content, we 
further remove 20-mers with a GC content lower than 40% or higher than 60%. Third, we estimate the off-target 
effects of each gRNA by computing two measures, h1, and h2, defined respectively as the number of 20mer NGGs 
in the genome sharing 12mer NGG with the candidate gRNA and the number of 20mer NGGs in the genome 
sharing 8mer NGG with the candidate gRNA but not sharing 12mer NGG. Then we compute the off-target score 
as w1 * h1 + w2 * h2, where w1 and w2 are weights given to the two cases respectively. In our experiments, w1 
and w2 were set to 256/257 and 1/257, respectively. We remove candidate gRNAs with an off-target score of more 
than 20. Finally, to avoid ineffective gRNA targeting due to genetic variants, we remove all gRNA candidates that 
overlap known genetic variants.

From the remaining gRNA candidates, we look for pairs of them that can generate linkers (Supplementary 
Figure S3C). Each pair of candidate gRNAs on opposite DNA strands in an LSA is considered a valid pair if the 
resulting linker (i) has a length of 300–500 bp, to match the expected products of our experimental protocol, (ii) 
is unique in the whole genome, enabling unambiguous de novo sequence assembly, and (iii) contains at least 
one heterozygous SNV or indel, to enable haplotype reconstruction.

All the linkers from the valid gRNA pairs are then summarized in a directed acyclic graph, where each node 
is a linker (Supplementary Figure S3D). A linker node X has a directed edge to linker node Y if the starting coor-
dinate of Y is larger than the ending coordinate of X by 10–20 kbp, such that the corresponding DNA fragment 
can be covered by a single sequencing read. With this graph constructed, the goal is then to find a path that starts 
from a linker node within s1 and ends at a linker node within sn. In our general algorithm (that allows gRNAs that 
are not unique in the genome), exactly which path and the corresponding set of gRNAs to take for each target 
region is decided by considering the graphs of all the target regions jointly, which encourages the reuse of gRNAs 
to cover multiple target regions, and generation of DNA fragments that are close to target read length (15 kbp).

When we applied our method to design gRNAs for sequencing the selected cancer-related genes in NA12878, 
we partitioned genes into sub-regions of the same length as the target fragment length for sequencing on the 
Oxford Nanopore platform, namely 15 kbp. As a result, the number of sub-regions for a gene of length is 
⌈L/15000⌉ + 2 . The LSAs were also set to 15 kbp to search for linkers inside the whole sub-regions. We used 
variant calls with phase-resolved haplotype information for the individual NA12878 from Genome in a Bottle 
(GIAB) (v.3.3.2) (https:// ftp- trace. ncbi. nlm. nih. gov/ Refer enceS amples/ giab/ relea se/ NA128 78_ HG001/ latest/)18. 
To further avoid interference with large structure variants, we checked large SVs reported in existing studies to 
ensure our gRNAs do not overlap  them29–33.

Generation of human linked‑pair fragments
Each 900 ng of high molecular weight NA12878 DNA was preprocessed by first blocking at the 3’ ends with 
Klenow (exo-) (NEB) in the presence of 10 µM dideoxynucleotides and 1× NEBuffer 3.1 for 30 m at 37 °C. Next, 
3U of rSAP (NEB) was added to deplete the nucleotides and dephosphorylate the 5’ ends and incubated at 37 °C 
for 30 m followed by a deactivation step at 65 °C for 15 m.

Linked-fragments for our design were generated by sequential fragmentation of short genes followed by long 
genes. First, the cas9-sgRNA complex targeting all short genes was formed by incubating 37.5 pmol sgRNA with 
400 ng Cas9 Nuclease (NEB) at 37 °C for 15 m. This complex was then added to the pre-processed DNA, mixed 
well and the cleaving reaction was carried out at 1× NEBuffer 3.1 for an hour at 37 °C followed by a deactivation 
step at 65 °C for 10 m.

In a separate tube, 400 ng Cas9 H840A (IDT) was incubated with 37.5 pmol sgRNA for long genes and at 
37 °C for 15 m. This complex was then added to the cleaved DNA from the earlier step and a nicking reaction was 
carried out at 37 °C for 2 h at 1× NEBuffer 3.1. An extension step followed where the nicked DNA was incubated 

https://ftp-trace.ncbi.nlm.nih.gov/ReferenceSamples/giab/release/NA12878_HG001/latest/
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with 200uM dNTPs and 3U of Vent (exo-) at 72 °C for 1 h. Linked-fragments were purified twice with AMPURE 
XP beads before sequencing library preparation.

Human data analysis
Adapters were trimmed from the raw sequencing reads using Porechop (v0.2.4) (https:// github. com/ rrwick/ Porec 
hop) with default parameter settings except for skipping splitting reads based on middle adapters (“–no_split”) 
since the library preparation did not use middle adapters. Porechop can automatically infer the adapters by 
searching from pre-built adapter sets. The adapter-trimmed reads were aligned to GRCh38 using Minimap2 
(v2.17)34 with default parameter settings. Duplicate reads and secondary and supplementary alignments were 
excluded. By default, we used all aligned reads without filtering in our analyses. Gene annotations were obtained 
from NCBI RefGene release 109. The alignments were visualized using IGV  tools28.

Human reference‑based haplotype phasing
We performed the reference-based haplotype phasing of the genetic variants within the linkers only and 
within the full gene length regions, respectively. All our haplotype phasing results were compared to the GIAB 
haplotypes.

To phase the haplotypes of the variants within the linkers, we started with calling variants as follows. Using 
the read alignments, at each site in the reference, we computed the frequency of observing each of the four 
nucleotides, a deletion, or an insertion on the aligned reads. For called bases, only those with a quality  > = 10 
were included. For each site, if the total number of aligned reads is n and the number of reads that support the 
two most frequent alleles are n1 and n2, respectively, we called the site a heterozygous variant if (i) n1 + n2

3 10, (ii) 
(n1 + n2)3 n/2, and (iii) n1£ 2n2 and n2£ 2n1. After identifying all the heterozygous variants, we assigned reads to 
the alleles that they contained to identify alleles from different loci that co-occurred in the reads.

Next, we created a haplotype graph based on the heterozygous variants. For the i-th variant vi , we denote the 
two most frequent alleles as v1i  and v2i  . Each of these alleles was represented by a node in the graph. For any two 
alleles vsi  and vtj  , if they co-occur in at least one sequencing read, an edge was drawn between them and the edge 
received a weight w

(

vsi , v
t
j

)

 equal to the number of sequenced reads that they co-occur in. Next, we analyzed the 
edge weights to identify the significant ones as follows. For any two variant sites vi and vj in which the edges 

between them had a total weight of at least 10, we built a 2 × 2 contingency table 
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performed a two-sided Fisher’s exact test based on it. If the p-value was smaller than 0.05, we considered the 
alleles at the two variant sites significantly correlated and assigned v1i  and v1j  to the same haplotype and v2i  and v2j  

to the same haplotype if w
(

v1i , v
1
j

)

> w
(

v1i , v
2
j

)

 ; otherwise we assigned v1i  and v2j  to the same haplotype and v2i  

and v1j  to the same haplotype. After that, we performed another round of testing to improve the accuracy of the 
inferred haplotypes. For each variant site vi , we collected all the computed p-values involving this site and 
corrected these p-values using the Bonferroni method. If less than one-third of the resulting corrected p-values 
were smaller than 0.05, we excluded the site from the inferred haplotypes.

To phase the haplotypes of the variants within the whole gene body regions, we identified heterozygous SNVs 
anywhere in the gene body regions based on the alignments of the sequencing reads to the reference. Since base 
calling and sequence alignment at homopolymeric and highly repetitive regions are less reliable, we filtered out 
variants within regions that contained at least five copies of consecutive 1 bp or 2 bp repeats.

Human de novo haplotype phasing
We designed a grouping and consensus-based method for de novo haplotype phasing. Sequencing reads were 
first grouped together based on the occurrence of the designed gRNAs on their expected linker regions. Specifi-
cally, within the first and last 500 bp of each read, we searched for matches of gRNAs (including PAM) with an 
editing distance of no more than 4. Both the sequences and their reverse complements were considered. For each 
pair of gRNAs (g1, g2) defining a linker region, we collected reads with matches to either g1 or g2. Based on the 
matching results, we extracted the parts of the reads potentially overlapping each linker. After this grouping, we 
performed a multiple sequence alignment for each group of read parts using MAFFT (v7.490)35, the results of 
which were used to generate a consensus sequence for each linker region by majority voting. To avoid unreliable 
results at positions with a small number of supporting reads, we excluded positions with fewer than 30 reads 
having the two most frequent alleles in total. After getting the consensus sequences of the linkers, the reads were 
aligned to them to construct haplotype graphs similar to the reference-based method.

Data availability
The raw data in this report has been deposited to Sequence Reads Archive and is available at BioProjectID: 
PRJNA1017960. The source codes for gRNA design, OLAF-Seq data analysis, and haplotype phasing are avail-
able in the GitHub repository https:// github. com/ Yip- Lab/ Linked- seq. git.
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