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ABSTRACT 

A de novo assembled 

and completely phased AK1 genome 

for establishing an Asian reference standard

Arang Rhie 

The Graduate School 

Seoul National University 

Advances in genome assembly and phasing provide an opportunity to 

investigate the diploid architecture of the human genome and reveal the full 

range of structural variation (SV) across ethnic groups. Here, we report the de 

novo assembly and de novo haplotype phasing of an Asian individual using 

single molecule real-time (SMRT) sequencing, optical mapping, and bacterial 

artificial chromosome (BAC) sequencing approaches. Single molecule 

sequencing coupled with optical mapping generated a highly contiguous 

assembly with contig N50 of 17.9 Mb and scaffold N50 of 44.8Mb, that 

resolves 8 chromosomal arms with single scaffolds. High concordance between 

the assembly and paired end sequences from 56,794 BAC clones provides 

strong support for the robustness of the assembly. We identify 18,210 structural 

variations (SVs) through direct comparison of the assembly with the human 
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reference, revealing thousands of new breakpoints that have not been reported 

before. Many of the novel insertions are reflected in the transcriptome and are 

shared across the Asian population. We performed haplotype phasing of the 

assembly with short reads, long reads, linked reads from whole genome 

sequencing and with short reads from 31,719 BAC clones achieving 

unprecedented levels of phased block contiguity, with N50 of 11.5 Mb. 

Haplotigs assembled from SMRT reads assigned to haplotypes on phased 

blocks covered 89% of genes. The haplotigs accurately characterized the 

hypervariable MHC region as well as revealing disease risk allele configuration 

in clinically relevant genes including CYP2D6. This work presents the most 

contiguous diploid human genome assembly to date, with extensive 

investigation of novel and Asian specific SVs, and high quality haplotyping of 

clinically relevant alleles for personalized medicine. 

---------------------------------------------------------------------------------------------- 

Keywords: de novo whole genome assembly, haplotype phasing, single 

molecule real time technology, bacterial articifial chromosomes, human 

reference genome, precision medicine 

Student number: 2011-31153 
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INTRODUCTION 

With an ongoing effort by the human genome reference consortium, the reference 

genome reached to release GRCh38 (hg38)1, taking consideration of highly 

alternative loci reported by the 1000 Genome Project2. Alternative regions are 

available for 178 loci containing 261 alternative sequences, including genes such as 

HLA, APOBEC and CYP2D6. The alternate regions reflect genetic diversity caused 

by gene flows with selection bias, historical bottlenecks, or genetic drifts shared 

within or inter population, and these genetic diversity is clustered along the 

geographical distribution worldwide2. A typical East Asian genome contains 

15,000~17,000 autosomal variants, with a frequency of <0.5% (1-4% of the total 

number of SNPs discovered form a single genome), defined as ‘rare variants’ 

compared to the total populations in 1000 Genome Project3. 

By measuring the impact of having a reference genome considering the allelic 

frequency, East Asian ranked the top continent especially for highly shared variants 

within population (Fig. 2). Despite the fact that genetically and culturally Korean 

population holds a unique identity that relates to susceptibility to diseases, population 

scale analysis have been still understudied. A de-facto standard for variants 

commonly shared among Korean population, and further among Asian population is 

in need, to elucidate genetically associated diseases, that shows different clinical 

prevalence compared to other populations. 
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Using single molecule real time sequencing technology (SMRT)4, reading directly 

through DNA sequences without amplification for over thousands of bases became 

possible. Next generation maps (NGM)5 based on optical maps also became mature 

to assemble long-range genome maps. Long reads provide insight for complex 

structural variations (SVs), which were hard to analyze with conventional short reads6. 

These SVs includes insertions and deletions, tandem duplications, inversions, 

microsatellites, (short and long) tandem repeats, and chromosomal segmental 

duplications. Diseases with a causative variant lying in these regions are relatively 

hard to identify compared to studies designed with short-read resequencing approach. 

This is mainly due to limitations of the alignment methods, or sometimes the 

causative variation comes from a novel sequence, which is not represented in the 

reference sequence and therefore could not be mapped7. In this manuscript, the term 

novel SVs is coin when it is not shown in the reference genome or previous studies3,8-

11 for better understanding. 

Novel SVs within an individual can be found comprehensively when assembling the 

genome with extensive sequencing depth. However, the cost burden for long-read 

sequencing is still a bottleneck compared to massively parallel sequencing of short 

reads. Therefore, a more comprehensive genome holding SVs silenced in the 

reference or commonly observed within a specific population is in need. 
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To determine the relationship between phenotypes, or diseases, and underlying DNA 

sequence, phasing information is inevitable. By determining maternal and paternal 

homologous chromosomes, allele specific expression or methylation can be easily 

determined. Without knowing underlying sequence context, it is hard to infer with 

small number of individuals, when parental or family sequences are not available. 

Studies using short reads and expression quantitative loci methods of HapMap12 

samples reported cis acting DNA sequence variants influenced 1-5% of human genes 

in the context they tested13,14. However, these studies rely on common SNPs, through 

linkage-disequilibrium measures, the likelihood that variants at one genomic position 

indicate the presence of variants at neighboring positions. Although 1000 Genome 

phase 3 dataset includes phased SNPs with allele frequency of >1%, it is still using 

the same linkage-disequalibrium (LD) measures, by sequencing trios to determine 

paternal and maternal haplotypes, or imputing with low-coverage whole genome 

sequenced and high-coverage exome sequenced individuals3. However, since 

regulatory variations lie far from exone regions, such as transcription factor binding 

sites, finding the exact causative variant is hard to determine and validate.  

Here, we present a de novo assembled diploid genome of a healthy Altai Korean 

individual, AK1, previously described in our forma study15, with all the variations 

phased on each haplotype. We used reference free approach for reconstructing the 

genome to get novel SVs through direct comparison to the reference genome, as well 

as for phasing the variants. Multiple platforms have been utilized (Table 1 and Fig. 
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1) for enhancing the accuracy of the genome, to assess into a medical-grade quality. 
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Table 1. DNA and RNA Sequencing Summary 

Source Platform Insert Size (bp) 
/ No. of clones No. of Reads Read Length (bp) Total Bases (bp) 

Whole 
Genome 

DNA 

Illumina X-ten 400 – 500 1,635,192,864 150 249,914,122,464 

PacBio ≥15,054 31,411,492 10,335 303,377,337,657 

GemCode 
50,000 – 100,000 1,153,598,732 101 116,513,471,932 

(Illumina) 

RNA 

Illumina 200 – 300 433,722,238 101 43,805,946,038 

PacBio 

1,000 – 2,000 206,081 1,450 206,081 

2,000 – 3,000 282,976 2,420 282,976 

3,000 – 6,000 210,888 4,166 210,888 

≥ 5,000 336,778 6,101 336,778 

BAC 
clones 

Sanger (PE) 62,758 125,516 500 62,758,000 

Sanger (SE) 22,563 22, 563 500 11,281,500 

Illumina 31,719 3,217,070,856 101 324,924,156,456 

PacBio 307 226,480 7,550 1,710,072,892 
AK1 DNA, RNA, and BAC library sequencing summary. The N50 of subreads (DNA) and read of insert (RNA) are 
shown for the data generated from PacBio RSII platform. All Illumina platform is paired end sequenced with HiSeq2500 
when not mentioned.
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Figure 1. Global overview of data generation and analysis. The flowchart presents 

the data generated, processed and analyzed for the de novo assembly and haplotype 

phasing of the AK1 diploid genome. 
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Figure 2. Impact of a reference genome by continents. The impact was estimated 

by the number of variants with higher allelic frequency compared to all populations 

multiplied by the allele frequency, since variants shared more commonly within a 

population with a higher allele frequency will be the benefit of having an own 

reference standard. 
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MATERIALS AND METHODS 

1. De novo Assembly 

1) PacBio SMRT long-read sequencing and assembly 

The whole genomic DNA of AK1 have been sequenced with PacBio 281 P6-C3 

SMRTcells, yielding 22.7 million polymerase reads at mean length 13.3 kb (Table 2). 

After sequencing, polymerase sequences have been removed with smrt-analysis 

software. The distribution of the subreads length and cumulative curve of throughput 

are shown in Fig. 3. Around 31.4 million subreads were available for assembly, with 

mean length of 10.3 kb. Subreads have been assembled with FALCON v0.3.0 

(https://github.com/PacificBiosciences/FALCON), which is the only assembler 

currently available for PacBio reads, and optimized for assembling large-scale diploid 

genomes. We optimized FALCON length cutoff parameter of 10kb to build pre-

assembled reads (preads), and preads over 15kb have been used (length_cutoff_pr) to 

maximize the assembled contig N50 (Table 3). Primary and associated contigs are 

generated (Table 4) and have been polished using Quiver, as described previously16. 

 

2) BioNano genome map generation 

De novo assembly of BioNano single molecule optical maps produced with 

nanochannel arrays5 was performed using BioNano assembler software program 

(IrisView, BioNano Genomics). Briefly, single molecules longer than 150 kb with a 

minimum of 8 fluorescent labels were used to find possible overlaps (p-value < 1 × 

https://github.com/PacificBiosciences/FALCON.
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10-10). Next, these maps were constructed to consensus maps by recursively refining 

and extending them by mapping single molecules (p < 1 × 10-5). The consensus maps 

were compared and merged into genome maps when patterns matched (p < 1 × 10-10). 

A second set of optical maps was obtained thereafter, and generated into genome 

maps with the same criteria. 

 

3) Contig editing and hybrid assembly 

Genome maps and primary contigs from the de novo PacBio assembly were 

transferred to cmaps for comparison and joining. These cmaps were assembled in a 

hybrid manner with Iris Viewer (Fig. 4). When conflict occurred, the contigs were 

edited with guidance of genome map (Table 6 and Fig. 5). 

 

4) Assembly improvements  

Paired-end reads from Illumina platform were aligned to the assembly using bwa17 

mem, followed with duplication removal using picard tools 

(http://broadinstitute.github.io/picard/). Base-pair correction of the assembly was 

performed using Pilon18. Pilon mostly corrected single insertions and deletions 

enriched in homopolymers (Fig. 6). Contigs or scaffolds shorter than 10 kb were 

excluded from the overall analysis to avoid results from spurious misassembly. 

 

5) Scaffolding accuracy measurement with BAC clones 

Scaffolding accuracy of the AK1 assembly was assessed using AK1 BAC library15. 

AK1 BAC end sequences (BES) were aligned to GRCh37, GRCh38 and AK1 

assemblies using bwa17 (Table 7). The BES placements were categorized by the 
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alignment, orientation and separation of BES with respect to the assembly. The BES 

placement was determined to be concordant: 1) if the BES placement was placed in 

the same assembly unit, 2) if the paired end sequences were properly oriented and 3) 

if the in silico insert size was between 50,000 bp and 250,000 bp. If the BES 

placements did not meet these conditions, the BES placement were defined to be 

discordant. In addition, if only one of the paired end sequences were aligned to the 

assembly, the BES placement was defined to be an orphan placement. And if the both 

paired end sequences were unaligned to the assembly, the BES was defined to be 

unmapped. If either of the paired end sequences were aligned to different positions of 

the assembly multiple times, the BES was defined to have multiple placements. 

 

2. Reference based analysis 

1) Alignment to the reference genome 

To identify the precise genomic location of each assembly unit, we used LASTZ with 

the parameters (–gapped –gap=600,150, --hspthresh=4500, --seed=12of19 –

notransition –ydrop=15000 –format=maf+ --chain) to align each assembly unit to 

each chromosome in the human reference genome. The chaining procedure were 

followed to join the neighboring local alignments into a single cohesive alignment. 

The chained alignments of each assembly unit thereafter were processed to obtain a 

single alignment with the best alignment score. If the selected alignment is not fully 

representative of the assembly unit, we selected a set of alignments that is more 

representative of the assembly unit. The netting procedure were followed with the 
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selected alignments. The resulting alignments were further used to calculate genomic 

coverage, close gaps in the human reference genome, obtain variants, and to convert 

coordinates between the human reference genome and the assembly. The chaining 

and netting procedure were applied using UCSC Kent tools 

(https://github.com/ENCODE-DCC/kentUtils) and parallel processing was used when 

possible to increase computational speed. 

 

2) Assembly based variant detection 

The alignments of the assembly were parsed to obtain SNPs, short indels, and SVs. 

Insertions and deletions in SVs were obtained when the reference genome and 

assembly had a difference > 50 bp. SVs were categorized as complex when multiple 

indels occured closely or when the reference sequence was replaced to another 

sequence. Inversion was identified when reverse complement of the target variation 

site was concordantly mapped to the reference. For compatibility to other studies and 

check the novelty, we aligned the assembly against GRCh37. 

 

3) SV annotation  

Repeat elements were annotated using RepeatMasker version open-4.0.5 (-species 

human -no_is) and tandem repeat finder (TRF) v.4.07b (2 7 7 80 10 50 2000 –f –m –

h –d) software. SVs are classified accordingly if it is masked by at least 70% with a 

single type. Complex is defined as the SVs having either several annotated repeat 

elements, or at least 30% of the remaining sequence not annotated as repeat. Novelty 

https://github.com/ENCODE-DCC/kentUtils.
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was identified by comparing the breakpoints of 50% reciprocal overlap using 

bedtools19,20. Functional annotation was performed using both GENCODE release 

v19 (GRCh37) 21 and the Ensembl Regulatory Build22. For those SVs that occurred 

within gene regulatory domains, we annotated with the nearest gene name. Segmental 

duplication (SD) sites were downloaded from the UCSC table browser. To simplify 

SV categorization that lies within multiple functional regions, SVs were classified 

according to the order of priority as follow: CDS, UTR, intron, TFBS, promoter, 

enhancer, CTCF (transcriptional repressor), and intergenic. 

 

4) Asian specific SV 

Population frequency of SVs was obtained by aligning reads from 38 high coverage 

samples to the AK1 assembly. We obtained WGS data of 23 individuals from the 

1000 Genomes Project3 and we additionally sequenced 15 East Asian individuals (5 

Japanese, 5 Chinese and 5 Koreans). Analysis candidates are selected from the 

insertions composed of either no repeat or less than 70% of repeats. We excluded any 

duplications among the insertions that are mapped to GRCh37 using BLAST (-evalue 

1e-10 -perc_identity 90 -qcov_hsp_perc 90). The regions that are recognized as 

mobile element or tandem repeat by repeatmasker and TRF softwares are masked for 

analysis. Normalized read depth within the unique sequence was achieved by dividing 

the read depth, which was calculated using samtools bedcov, by mediain genome 

coverage. The variants with frequency of above three are excluded for further analysis. 

Asian specific insertions were chosen by selecting the insertions with equal or above 
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0.3 allele frequency difference between Asian and Non-Asian population as well as 

non-Asain allele frequency with equal or below 0.5. Asian LD blocks were obtained 

from East Asian samples in the 1,000 Genomes Project phase 3 using S-MIG++ 

algorithm (--maf 0.05 --ci AV --probability 0.95). LD blocks with below 0.8 

haplotype diversity index were excluded. 

 

3. De novo haplotype phasing 

1) Variant call using whole genome sequences  

Illumina short-reads used for base correction are re-mapped to the total set of 

ScaffoldsV1 using bwa mem. Optical duplications are removed using Picard tools, 

and uniquely aligned reads are used for further analysis. Following the recommended 

procedure of GATK pipeline23, reads are re-aligned around short indels. The only 

modified option was -consensusDeterminationModel USE_READS, because no 

known db exists for the assembly. Afterwards, variants were called using 

HaplotypeCaller. 

 

2) Phasing variants using linked reads  

10X Genomics GEM based libraries24 were sequenced for the whole genome with an 

average coverage of 30x (Table 1). The phase information given by linked reads were 

used to phase the variants called from the first step using long-ranger from GemCode 

platform. 
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3) Phased variant correction using long reads  

By aligning the subreads of PacBio platform back to the ScaffoldV1 using BLASR25, 

the maximum likely phased variant was calculated with the read depth. Redundant 

subreads from identical ZMW hole were removed, and primary aligned reads are used 

for phasing to avoid amplification-like effects. Considering alignment bias, short 

indels are disregarded and biallelic SNPs are used for initial candidates of phasing 

markers. A few sites were corrected as for phase determinant marker. During this 

process, haplotype blocks were redefined for SNPs with higher support of switch. For 

possibilities of exclusion of some alleles, marker SNPs not obtained from 10X 

Genomics platform was added with recursive marker SNP correction. Marker SNPs 

within a read was detected after removing ambiguous SNPs called when indel or 

multialleles are detected. Most of the multialleles came from copy gain, with a high 

(~2 to 4 folds) coverage depth compared to other regions. Haplotype blocks were 

extended when at least 2 subreads or linked read information is spanning over two 

phased markers. 

 

4) Phased block extension with BACs  

BAC end sequences lying in the tiling path of AK1 assembly are selected and divided 

into 109 pools for sequencing in a non-overlapping manner. In total, 31,719 BACs 

are paired-end sequenced with Illumina HiSeq2500 at 47x (Table 8). For each pool, 

BACs are aligned to the assembly with bwa17 mem and re-aligned for short indels 
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using GATK23. Base depth for A, C, G, T, and deletion in each BAC region are piled 

up using our in-house methods, with Phread score over 20. Bases having multi-alleles 

are disregarded in further analysis. The base depth of each phasing marker sites were 

collected, and the marker was corrected to switch when supporting BACs were 

available or removed when ambiguity among BACs was shown. Phased block was 

extended when a correctly haplotype assigned BAC spanned over two markers. 

 

5) Switch error of phasing markers 

Long-range switch error measurements were obtained using BAC end sequences. The 

end sequences were aligned to the AK1 assembly with bwa mem, and the base allele 

of the phasing marker site was called with the corresponding BAC information. When 

switching occurred for more than two marker sites in a phased block, it was defined 

as a long range switch. The long-range switch error rate was calculated as follows: 

Long range switch error = No. of long range switches / No. of phasing markers 

 

6) Haplotig assembly 

Using the final set of phasing markers, subreads were classified into sets of haplotype 

A or B when > 85% of the phasing markers agreed. When a subread contained no 

marker, it was classified as homozygous. Through the read depth, phasing markers 

that were missed in previous steps were additionally called for homozygous regions 

adjacent to phased blocks. Subreads categorized as haplotype A and homozygous 

were assembled into haplotig A, and haplotype B into haplotig B with canu26. 
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Haplotigs for MHC Class I and Class II are assembled separately to avoid 

misassemblies due to high sequence homology between HLA genes. In this case, 

subreads phased as homozygous are used with subreads of haplotype A and B. 

Homozygously phased subreads flanked on each side of a scaffold gap belonged on 

haplotype A and B, respectively, and were re-classified during assembly. 

 

7) Haplotype-specific variant calling and annotation 

Haplotype-specific variants were called following the assembly based variation 

calling methods. Due to possibilities of false positives introduced by mis-assembly, 

phased variants that agreed with initial variants called with whole genome sequencing 

reads were used for further analysis. After functional annotation using GENCODE 

V1921, disease risk alleles are screened using Clinvar27. Haplotyping of CYP2D6 was 

annotated by comparing haplotigs to M33388 following CYP2D6 nomenclature. 

 

8) De novo assembly of BAC clones and SV validation 

Through mapping on GRCh37 and GRCh38, BACs identified to be discordant in size 

(>1kb) were pooled and sequenced with the SMRT platform. Additionally, BACs 

mapped on chr20 were also pooled for sequencing with SMRT sequencing. The 

SMRT subreads were assembled using canu26 after removing the BAC contaminated 

sequences using CrossMatch28 with the options to remove non-human sequences. 

Final BAC consensus was generated with error correction using Quiver. 

The BAC consensus was used for validating AK1 assembly based SVs and phase 
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specific SVs. BAC consensus sequences were re-mapped to assembly and haplotigs 

with BLASR25 and concordance was measured at sites of detected SVs. Haplotype 

specific SVs were assessed with a more stringent criteria, with an additional step to 

determine the haplotype and inspect in base resolution. For regions with inconsistency, 

the subreads used for building BAC consensus were realigned to the BAC, and 

examined for possibilities of misassembly. After disregarding instances of 

misassembled BAC consensus, mismatches in breakpoints, other possibilities of SVs, 

and sequence content were evaluated. 

 

9) Heterozygosity and allele specific expression 

Based on the alignments of haplotigs to GRCh37, haplotig A and B were localized to 

compare partner sequences. The number of different bases were summed in every 5 

Mb distance, and percentiled to draw in the Fig. 3a. RNA-seq read data were trimmed 

and aligned on GRCh37 using STAR aligner29 with the 2-pass mapping strategy as 

recommended. Optical duplicates were removed using Picard tools, and variants were 

called using HaplotypeCaller and VariantFiltration following GATK best practices on 

RNA-seq (http://gatkforums.broadinstitute.org/wdl/discussion/3892/the-gatk-best-

practices-for-variant-calling-on-rnaseq-in-full-detail). Sites with supportive evidence 

of altered variation in RNA seq have been extracted from the final vcf file, and 

ASEReadCounter30 was applied to remove reads with low base pair quality. Read 

counts are annotated to the phase specific variants called from haplotigs using in-

house scripts. When read depth for one allele was over 30, it was considered as 
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‘expressed’ and plotted. 
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Table 2. PacBio SMRT Platform Sequencing Statistics 

The summary statistics of subreads were calculated after removing subreads below 

the size of 1,000 bp. 

 

Metric Value 
Number of SMRT Cells 380 
Number of Polymerase Reads 22,715,565 

Throughput (bp) 303,813,573,919 
Mean Length (bp) 13,374 
N50 Length 18,512 

Number of Subreads 31,395,279 
Throughput (bp) 302,000,497,903 
Mean Length (bp) 10,335 
Maximum Length (bp) 63,512 
N50 Length 15,054 
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Table 3. FALCON de novo assembler optimization 

The length-cutoff and pread length cutoff determines the length of subreads and pre-assembled reads (preads) for the assembly, 

respectively. We first generated the error corrected preads using the subreads greater than 10 kb, and chose the pread length 

cutoff of 15 kb that maximizes contig N50.

Pread length cutoff (bp) 10,000 11,000 12,000 13,000 14,000 15,000 16,000 

Contig N50 (Mb) 13.0 13.9 14.9 16.0 17.4 17.9 17.3 

Minimum Contig Size (bp) 44 17 46 46 17 17 11 

Mean Contig Size (kb) 423 451 511 573 627 682 732 

Maximum Contig Size (Mb)  57.8 57.8 57.8 70.0 65.0 76.3 70.7 

Contig Sum (Gb) 2.900 2.896 2.889 2.882 2.876 2.870 2.856 
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Table 4. FALCON de novo assembly summary 

FALCON produces primary and associated contigs. The associated contigs represent 

alternative haplotype in the diploid genome, and they enable detection of 

heterozygous structural variations. 

  

 Primary Associated 

Number of Contigs 4,206 3,446 
Minimum Contig Size  17 bp 470 bp 
Mean Contig Size  682.5 kb 33.5 kb 
Maximum Contig Size  76.3 Mb 182.8 kb 
Contig N50 17.9 Mb 33.8 kb 
Contig Sum 2.87 Gb 115.5 Mb 
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Table 5. Optical map and genome map statistics from the Irys system 

Round II is designed with an additional step of process to rescue fragments from 

breakage at chromosomal fragile sites. The fragile site rescue process enhances the 

length of optical maps, which results in generation of superior genome maps. 

 

 

 Optical Map Genome Map 

 Round I Round II Round I Round II 

Number of Maps 909,674 1,137,041 2,737 1,269 

Minimum Map Length (kb) 150 150 113 133 

Mean Map Length (Mb) 0.32 0.31 1.03 2.31 

Maximum Map Length (Mb) 2.78 3.30 8.55 21.5 

Map N50 (Mb) 0.34 0.33 1.43 3.97 

Map Sum (Gb) 287 347  2.81 2.94 
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Table 6. The coordinates of conflict between contigs and genome map 

Cmap Contig Start End   Cmap Contig Start End 

30 000029F 
0 24,277,246   

257 000256F 
0 147,318 

24,277,246 36,176,209  147,318 555,548 

53 000052F 
0 20,229,722  555,548 5,943,851 

20,229,722 20,950,120  
271 000270F 

0 3,929,744 
20,950,120 27,844,228  3,929,744 5,370,200 

89 000088F 
0 890,572  

274 000273F 
0 2,709,271 

890,572 18,567,137  2,709,271 5,190,107 

108 000107F 
0 15,436,777  

292 000291F 
0 1,732,861 

15,436,777 16,764,074  1,732,861 3,962,604 

121 000120F 
0 12,191,664  

328 000327F 
0 2,258,629 

12,191,664 15,289,734  2,258,629 3,026,558 

127 000126F 
0 8,985,873  

361 0003650F 
0 720,335 

8,985,873 14,816,759  720,335 2,466,271 

252 000251F 

0 5,646,880  
374 000373F 

0 1,842,544 

5,646,880 5,766,347  1,842,544 2,282,842 

5,766,347 6,347,020      

If there are inconsistencies between the contig and genome map, the contig were partitioned at the site of inconsistency. 
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Table 6. (Cont.) 

Cmap Contig Start End   Cmap Contig Start End 

381 000380F 

0 986,501   
477 000476F 

0 564,622 

986,501 1,833,968  564,622 1,190,080 

1,833,968 2,173,487  
498 000497F 

0 834,801 

384 000383F 
0 1,501,507  834,801 1,115,075 

1,501,507 2,122,415  
521 000520F 

0 787,183 

451 000450F 
0 447,698  787,183 996,214 

447,698 1,363,543  
550 000549F 

0 305,457 

456 000455F 
0 149,459  305,457 868,467 

149,459 1,339,791  
768 000767F 

0 123,596 

          123,596 297,555 
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Table 7. BAC clone paired end sequence placements to AK1 and human 

reference 

Type of Placement GRCh37 GRCh38 AK1 v1 AK1 v2 
Paired End Placements 62,076 62,091 62,038 62,022 

Unique Placements 60,585 60,460 61,152 61,132 
Concordant Placements 56,328 56,486 58,359 58,340 

Scaffolding 0 0 3,027 2,928 
Discordant Placements 4,257 3,974 2,793 2,792 

Discordant in Size 1,481 1,358 1,310 1,316 
Discordant in Orientation 1,619 1,555 1,483 1,476 
Discordant in Chromosomes 1,157 1,061 na na 

Multiple Placements 1,491 1,631 886 890 
Orphan Placements 655 642 698 713 
Unmapped 27 25 22 23 
Mean in silico insert size (bp) 102,788 102,785 102,928 102,947 

In silico insert size standard deviation (bp) 23,149 23,151 23,263 23,295 

Total 62,758 62,758 62,758 62,758 
The summary of BAC paired end read alignments to the human reference and the 
AK1 assembly. The end sequence placements indicate that the assembly quality of 
AK1 V2 is comparable to that of the human reference genome. The SD for AK1 
seems to be ~90bp higher than compared to the reference genome, but this is because 
we have included the scaffolding placements into the number of concordant 
placements.
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Figure 3. Length distribution of optical maps with and without fragile site 

rescue. The chromosomal fragile site rescue process reduces the breakage of 

DNA molecules at fragile site. There is a substantial increase in the number of 

longer optical maps. 
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Figure 4. The scheme for hybrid assembly of the polished contigs and the 

genome maps. The hybrid assembly approach requires the comparison of 

genome maps with in silico generated from sequence contigs. The comparison 

are visualized and the genome maps and contigs are in the Iris Viewer. 
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a)  

 

 

 

b) 

 

 

 

Figure 5. Examples of edited contigs due to conflicts between the contig 

and the genome maps. In silico maps from contigs are in green and genome 

map are in blue. The matches between the in silico map and the genome map 

are highlighted in red, and mismatches are indicated by absence of the red lines. 
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Figure 6. Distribution of homopolymer correction. Pilon mostly corrected 

the single base deletions in the assembly and the corrections are enriched in 

regions with long stretches of homopolymers. 
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RESULTS 

 

SMRT sequencing4 of the genome of a Korean individual (AK1), for whom we 

have previously reported the annotated variations assessed with BAC clones 

and aCGH15 was performed with 101x coverage. Reads were assembled and 

polished to generate 3,128 contigs with a contig N50 length of 17.9 Mb (Table 

1-4, 9). In order to anchor these contigs into larger scaffolds, we used NGM on 

nanochannel arrays5, which produces physical maps of sequence motifs which 

can be used to infer long-range structural information of the genome. Two 

rounds of NGM at 97x and 108x coverage were performed, with the second 

designed to better protect fragments from breakage at fragile sites, providing 

improved long-range anchoring (Table 5 and Fig. 4). The optical maps were 

assembled de novo into genome maps. Hybrid scaffolding of the contigs and 

genome maps resulted in 2,832 scaffolds with a scaffold N50 of 44.8 Mb (Table 

4, 9 and Fig. 4). Since NGMs provide orders of magnitude longer range 

information (Table 5) compared to long reads from the SMRT platform (Table 

2), we relied on the genome map whenever there were conflicts between the 

two data sets. Checks for consistency between genome maps and contigs also 

corrected potential assembly errors within 23 contigs (Table 6 and Fig. 5). The 

final assembly is characterized by marked contiguity that has not been achieved 

by non-reference assemblies of the human diploid genome to date and improves 

on the previous best N50 length by 13.7 Mb. (Table 10). The largest 91 
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scaffolds, for example, cover 90% of the genome and span 8 chromosomal arms 

with single scaffolds (Fig. 7). 

 

The scaffolding accuracy of the AK1 assembly was assessed using paired end 

sequences from AK1 BAC library15 from 62,758 BAC clones (Table 1). The 

majority (95.4%) of the uniquely aligned BAC clones were in concordance with 

the assembly (Table 7), as expected since both derived from the same 

individual. From the set of BAC clones which aligned concordant with the 

reference genome, 99.8% also aligned concordant with the AK1 assembly with 

most of the discrepancies caused by phase differences (Table 10). The base 

accuracy of the assembly was assessed with highly accurate short reads (72x). 

The read depth distributions of short reads mapped to GRCh37, GRCh38 and 

AK1 show similar patterns (Fig. 8). The base-level error rate of the assembly 

was less than 10-5 based on the count of SNPs with unexpected alleles (Table 

11). However, this is still an over-estimated error rate, since the read depth 

distribution was skewed to the low read depth (Fig. 9), indicating they were 

caused by biased sequencing or inaccurate mapping. 

 

In total, 18,210 SVs were identified, including 7,358 deletions and 10,077 

insertions, through direct comparison between the AK1 assembly and the 

human reference. This assembly-based comparison enabled the detection of 

large SVs with base resolution. The concordance was 98.1% between SVs and 

long-read based assembled BAC contigs generated by SMRT sequencing of 

275 BAC clones. Compared to previous studies3,8-11, a total of 11,927 variants 
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were novel, which account for approximately 47% (3,893) and 76% (7,710) of 

all deletions and insertions, respectively (Fig. 10). Of the novel SVs, 86% were 

highly enriched for clusters of mobile and tandem repeats (Table 12). 

 

Out of the SVs, about 49.8% were in a gene, 11.0% in regulatory domain, and 

39.2% in intergenic region (Table 13). 650 coding sequences had at least one 

variant, comprising of 3.3% of the total number of SVs. Among the exonic 

variants, 427 were novel, and 68% of them did not affect protein functionality 

by maintaining the reading frame or occurring within non-protein coding genes. 

Among the novel amino acid changing variants, 77% of them were composed 

of mobile or tandem repeats, and functional annotation clustering with the 31 

genes that contains the remaining non-repetitive variants using DAVID31 

showed that they were predominantly related to ion binding, epidermal growth 

factor, and fibronectin. 

 

Investigation of the insertions suggested that the AK1 sequences comprised not 

only repeats and duplications, but also unique sequences that are not found in 

the reference genome. To examine whether the unique sequences are universal 

or ethnic specific, we aligned raw reads from high coverage 1KG samples 

against our AK1 assembly, and compared the normalized read depths between 

five continental groups. As a result, 775 insertions, encompassing 1.6 Mb, were 

found in all the continental groups, and as such are candidates for addition to 

the human reference genome. Moreover, 362 insertions showed strong 

frequency variability (≥0.3 variant frequency difference) across the populations, 
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and 73 of them, including 31 genic insertions, were Asian specific. Among the 

genic insertions, we found that a 592 bp insertion within POU2F3, a gene 

involved in making keratin that was reported to have distinctly variable 

haplotype frequencies among populations, was comprised of 452 bp of unique 

sequence in between two 140 bp duplications (Fig. 11). Moreover, we also 

identified numerous large insertions with higher frequency in the Asian 

population, such as a 4,529 bp insertion in HRASLS2, a tumor suppressor gene. 

Although not passing our filtration criteria for Asian specificity, a 243bp 

homozygous insertion was found in FOXP1, one of the previously reported 

region with positive selection among Asian32. The variant frequency was 0.73 

in East Asian with maximum difference of 0.23 to European (Fig. 12a). 

Another 6.3 kb insertion was found 6.7 kb upstream of the region with positive 

selection (Fig. 12b). Both insertions had the highest variant frequency detected 

in East Asian, suggested to be part of the result from positive selection. 

 

Next, the haplotype structures associated with Asian-specific variants were 

investigated by utilizing LD blocks inferred from 1KG Asian samples. Among 

the variants, 39 insertions were present within the Asian LD blocks, and 92% 

of them were located on the same block as a homozygous AK1 SNP, whose 

frequency was highest in the Asian population. One of the insertions, which is 

found within ANO2, a gene associated with olfactory transduction and light 

perception, had a similar allele frequency with an adjacent homozygous Asian 

specific SNP, suggesting that the SV shares a single ancient haplotype with the 

SNP (Fig. 13). 
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To better reflect the structure of the diploid genome, a separate de novo 

assembly (haplotig) was built representing the two haplotypes of each 

homologous chromosome pair. Whole genome sequencing was performed 

using barcode libraries to generate linked reads24 with 30x mean coverage. 

Illumina HiSeq sequencing of 31,719 BACs of mean length 106 kb was also 

performed at 47x coverage. Heterozygous SNVs called from these methods are 

unambiguously assigned to two alternative phases, producing phased blocks 

with N50 length 11.6 Mb, significantly longer than previously reported9,10,24,33,34. 

SMRT sequencing reads were then partitioned into the two phases where 

sufficient marker SNVs were present. The two partitioned SMRT read sets were 

assembled de novo into haplotigs (Table 8-9). We tested the accuracy of the 

phased blocks against the end sequences of BACs, and found a long-range 

switch error rate under 0.3%. 

 

Comparison of the haplotigs to GRCh37 (Table 14) led to identification of 

haplotype-specific alleles including SNPs, short indels, and SVs (Table 15). In 

addition to the SVs called from the assembly, 13,436 heterozygous haplotype-

specific SVs were identified from haplotigs. We tested the accuracy of these 

SVs against BAC contigs on the same phase, and found that 68 out of the 70 

which could be assessed matched perfectly in base resolution (Table 16). The 

combined length of SNVs, indels and SVs which were heterozygous under 

comparison between the two haplotigs was 69.8 Mb. Moreover, we were able 
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to measure the expression level from each haplotype genome widely (Fig. 

14). 

 

We examined the haplotyping of HLA genes in detail, and confirmed the 

haplotypes using targeted SMRT sequencing (Table 17). In order to avoid 

common problems7 with misassembly among highly homologous HLA genes, 

HLA Class I and Class II regions were assembled independently. The MHC 

Class II region was interrupted by a large number of SVs, which necessitated 

our de novo phasing approach (Fig. 15-17). Our approach also allowed a 

clinically important duplication of CYP2D6 to be detected and assigned to one 

phase (Fig. 18). This result demonstrates that de novo assembly based phasing 

has advantages in resolving challenging hypervariable regions, and could be 

further utilized for pharmacogenomics. 

 

The allelic configuration of pathogenic variants can have critical medical 

implications. For example, we were able to phase five genes which carried more 

than one nonsynonymous, heterozygous alleles known to be associated with 

diseases or drug-response (Table 18). Variants in MEFV35 and ADAMTS1336, 

which cause recessively inherited familial Mediterranean fever and Upshaw-

Shalman syndrome respectively were found in cis configuration, with the 

partner haplotype left intact (Fig. 19). On the other hand, risk alleles for disease 

susceptibility and cancer progression were found in trans configuration in 

STOX1, CHIT1 and FGFR4. In addition, SHANK3, which is implicated in 

autism susceptibility37, had 5 haplotype-specific SVs in trans. Another gene, 
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NINL, associated with skin pigmentation38, had 3 haplotype-specific SVs in 

trans, all of them residing in the first intron. Although the pathogenesis of the 

trans configured alleles needs to be further elucidated, the compound 

heterozygosity could be clearly identified for the alleles associated to recessive 

diseases, which is particularly important to have a partner haplotype left 

unaffected. 
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Table 8. Summary of de novo assembly and phasing statistics.  

Data set 
No. of 

contigs or 
scaffolds 

Sum N50 Longest Average L50 No. of 
gaps 

Percent 
bases 

of gaps (Gb) (Mb) (Mb) (Mb) 

Contigs Assembly 3,128 2.87 17.7 76.5 0.92 50 0 0.00 

Scaffold_v1 Scaffolding 2,927 2.89 29.1 113.9 0.99 28 188 0.75 

Scaffold_v2 Scaffolding 
with fsr-GM 2,832 2.90 44.8 113.9 1.03 21 264 1.29 

              

Phased Block 
Linked-reads 1,468 2.62 5.70 29.6 1.78 143 

na 
Linked-reads with BAC 836 2.64 11.55 65.0 3.16 71 

Haplotig 
A 3,155 2.63 2.41 11.21 0.83 328 

na 
B 15,816 2.19 0.32 2.52 0.14 2,012 

Contigs or scaffolds shorter than 10 kb were excluded. Phased blocks are measured by separated subread coverage based on markers on each step. 

These subreads are locally assembled to build haplotigs. fsr-GM, fragile site rescued Genome Map; Linked-reads, 10X GemCode linked reads; BAC, 

HiSeq sequenced BAC reads; A, Haplotig A assembled with subreads phased as haplotype A and homozygous; B, Haplotig B assembled with subreads 

phased as haplotype B 
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Table 9: Human de novo assembly summary statistics. 
  AK1 HuRef YH_2.0 NA12878 GRCh38 

Assembly Approach WGS & BAC WGS WGS & Fosmid WGS BAC & Fosmid 

Sequencing & Physical Mapping PacBio & BioNano Sanger Illumina & CG PacBio & BioNano Sanger, FISH, OM & 
Fingerprint Contigs 

De novo Assembly Algorithm Falcon Celera SOAPdenovo2 Celera & Falcon Multiple Methods 

Phasing Approach De novo Reference-guided De novo Reference-guided NA 

Scaffold / Contig N50 (Mb)  44.85 / 17.92 17.66 / 0.11 20.52 / 0.02 26.83 / 1.56 67.79 / 56.41 

Scaffold / Contig  L50  21 / 50 48 / 7,164 39 / 40,005 37 / 532 17 / 19 

Number of Scaffolds / Contigs 2,832 / 4,206 4,530 / 71,333 125,643 / 361,157 18,903 / 21,235 801 / 1,385 

Number of Gaps 264∗ 68,109† 235,514† 2,332∗ 875† 

Total Gap Length (Mb) 37.34 34.43 105.20 146.35 159.97 

Total Bases / 
Non-N Bases in Assembly (bp) 

2,904,207,288 / 
2,866,687,809 

2,844,005,504 / 
2,809,571,127 

2,911,235,363 / 
2,806,031,133 

3,176,574,379 / 
3,030,222,093 

3,209,286,105 / 
3,049,316,098 

      

Phased Block N50 (Mb) 11.55 0.35 NA 0.15 NA 

Number of Haplotigs 18,964 NA NA 24,597 NA 

Haplotig N50 (kb) 875 NA 484 NA NA 

Haplotig Sum (bp) 4,804,460,182 NA 5,152,727,603 NA NA 
We compared the sequencing platform, algorithms, assembly and phasing statistics of human assemblies to date. The comparison demonstrates the 
power of single molecule technologies to generate assemblies with superior assembly statistics than that achieved by short read sequencing. The 
assembly statistics were obtained from NCBI and if the summary statics were not available from NCBI, the numbers were directly acquired from 
relevant papers. The accession numbers for HuRef, YH_2.0, NA12878 and GRCh38 assemblies are GCA_000002125.2, GCA_000004845.2, 
GCA_001013985.1 and GCA_000001405.15, respectively. WGS, Whole Genome Shotgun; BAC, Bacterial Artificial Chromosome; NGS, Next 
Generation Mapping; FISH, Fluorescent in-situ Hybridization; CG, Complete Genomics; OM, Optical Mapping; NA, Not Applicable; 
∗ Number of spanned gaps 
† Number of spanned and unspanned gaps  
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Table 10. Concordance of the reference genome and AK1 assembly with BAC clones 

BAC Class Count Fraction 

Concordant 51,822  99.75% 

Discordant   

Phase difference 78  0.15% 

Gaps in AK1 assembly 33  0.06% 

Unknown 18  0.04% 

Total 51,951  100.00% 
The end sequences of 62,758 BAC clones were aligned to GRCh37 and GRCh38 using BWA, and 
filtered for uniquely matched, concordant reads in size and orientation with mapping quality 60. After 
filtration, 51,951 BAC ends remained, and 99.75% mapped concordantly to the AK1 assembly. Then, 
we examined the discordant BACs. Out of 129 discordant BACs, 10 had a different BAC concordantly 
mapped on the same position, 59 had supporting evidence with the BioNano Genome map, and 9 were 
mapped concordantly on a haplotig. 33 BAC ends were mapped as orphan reads (only single read 
alignments were available), because of N-based scaffolding gaps or physical gaps. 18 had no 
supportive evidence for lying in different haplotypes, indicating a possible sequencing error. However, 
the possibility for having a different haplotype still remains. Taking into account that the reference 
genome is of high quality, the concordance rate of 99.75% indicates a low likelihood of misassembly. 
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Table 11. Base pair accuracy and depth of coverage 

 
AK1 

Assembly v1 
( All ) 

AK1 
Assembly v1  
(>=500kb) 

GRCh37 GRCh38 

BWA+GATK 
het 2,707,432  2,269,777  2,507,948  2,410,181  
hom 24,486  7,251  1,579,566  1,598,685  
multi 1,550  1,166  1,684  1,487  

Reference 
size 2,889,091,895  2,768,619,113  3,095,693,983  3,209,286,105  
non-N size 2,867,331,817  2,746,859,037  2,861,343,702  3,049,315,783  

Estimated error rate 9.1 x 10-6 3.1 x 10-6 na na 

Depth of 
Coverage 

Avg. depth 73.05  69.23  71.81  73.85  
>=1 99.51% 99.96% 99.95% 96.09% 
>=10X 99.19% 99.91% 99.86% 95.03% 
>=20X 98.95% 99.80% 99.63% 94.37% 
>=30X 97.61% 98.65% 98.07% 93.15% 
>=80X 19.71% 18.96% 18.97% 41.49% 

The short reads produced with HiSeq was aligned to AK1 assembly v1, AK1 assembly v1 with long 
scaffolds (≥ 500 kb), GRCh37 and GRCh38. To make a fair comparison, we used the same mapping 
and SNP calling criteria for all assemblies with no 3rd resources for recalibration. 
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Table 12. Repeat composition of AK1 SV 

The statistics of insertion and deletion events in AK1 compared to GRCh37 are listed by sequence category. Each categories are classified accordingly 
if it is masked by at least 70% with a single type using either Repeatmasker or Tandem Repeat Finder (TRF). Simple repeats includes both simple 
repeat and low complexity outputs from Repeatmasker. Rarely observed elements (<10) are combined as ‘Other’. Complex is defined as 
the structural variations having either several annotated repeat elements, or at least 30% of the remaining sequence not annotated as repeat. 
Classes of structural variation showing an insertional bias (2.5-fold excess in AK1) are in bold. 
 

 
Insertion  Deletion  INS/DEL 

Number Mean 
length Total bases  Number Mean 

length Total bases  Total 
events 

Total 
bases 

Simple repeats 2,607 412.46 1,075,272  1,238 102.94 127,437  2.11 8.44 
Tandem repeats 2,727 527.19 1,437,657  1,660 285.34 473,660  1.64 3.04 

LTR 171 584.56 99,960  183 440.36 80,586  0.93 1.24 
DNA elements 22 422.23 9,289  24 147.08 3,530  0.92 2.63 

LINE 293 1609.2 471,494  304 1370.3 416,560  0.96 1.13 
SINE 1,218 316.25 385,192  1,396 294.44 411,043  0.87 0.94 

Retroposon 315 379.89 119,664  197 367.35 72,368  1.6 1.65 
Satellite 67 499.3 33,453  43 394.86 16,979  1.56 1.97 
Others - - -  2 90 180  NA NA 

Complex 1,644 2435.6 4,004,089  1,207 3401.7 4,105,809  1.36 0.98 
Unannotated 1,013 107.25 108,641  1,104 105.23 116,380  0.92 0.93 

Total 10,077 768.55 7,744,711  7,358 791.57 5,824,352  1.37 1.33 
Euchromatic subtotal 9,276 742.39 6,886,397  6,797 771.45 5,243,520  1.36 1.31 
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Table 13. Number of sites having SVs in functional annotated region 

  Gene   Regulatory 
Intergenic Total 

  CDS UTR Intron   Promoter Inhibitor Enhancer TFBS 
Insertion 169 60 4,999  763 172 115  85  4,244 10,607 
Deletion 367 56 3,617  536 157 64  72  3,032 7,901 
Complex 86 5 281  109 15 5  13  310 824 
Inversion 28 1 10  9 3 2  9  30 92 

Total 650 
(3.3%)  

122 
(0.6%)  

8,907 
(45.9%)    1,417 

(7.3%)  
347 

(1.8%)  
186 

(1.0%)  
179  

(0.9%)  
7,616 

(39.2%)  
19,424 

(100.0%)  
Majority of the SVs were in intronic or intergenic region (95.1%). SVs are double counted when it was overlapping with multiple genes.  
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Table 14. Haplotigs per chromosomes 
 Haplotig A + Homozygous region Haplotig B 

 No. 
haplotigs 

Bases 
(Mb) Coverage N50 length 

(Kb) 
Longest 

(Mb) 
No. 

haplotigs 
Bases 
(Mb) Coverage N50 length 

(Kb) 
Longest 

(Mb) 
chr1 175 217.1 96% 2,218.1 7.8 1,262 182.1 81% 337.8 1.5 
chr2 179 229.9 96% 2,325.1 9.3 1,403 193.8 81% 315.5 1.5 
chr3 139 194.8 100% 2,282.2 8.8 1,250 156.7 80% 297.8 1.6 
chr4 140 174.6 93% 2,380.3 10.7 1,084 153.0 82% 311.4 1.6 
chr5 122 172.9 97% 2,296.1 11.3 1,064 143.2 81% 300.3 1.3 
chr6 104 165.7 99% 2,048.4 6.7 969 136.5 82% 325.0 1.4 
chr7 123 149.1 96% 2,294.4 11.8 878 125.3 81% 316.0 1.8 
chr8 97 144.2 101% 2,340.6 7.4 850 121.6 85% 316.0 3.4 
chr9 88 112.1 93% 2,746.8 7.2 565 96.6 80% 377.8 2.6 
chr10 114 125.1 95% 2,485.2 4.5 770 106.1 81% 328.2 1.4 
chr11 100 126.1 96% 2,606.4 7.9 724 106.8 81% 346.5 1.8 
chr12 73 128.5 98% 2,958.9 10.9 717 107.5 82% 312.1 1.5 
chr13 56 95.0 99% 2,975.3 7.4 572 79.1 83% 286.6 1.2 
chr14 56 86.1 97% 2,675.1 6.6 457 75.2 85% 361.8 1.5 
chr15 74 76.5 94% 2,530.2 6.1 431 63.5 78% 304.8 1.0 
chr16 92 73.0 93% 2,196.8 7.3 433 61.7 78% 305.7 1.2 
chr17 70 74.8 96% 1,367.1 5.4 489 61.8 79% 269.0 1.3 
chr18 43 73.6 99% 3,309.4 7.7 414 64.1 86% 296.5 1.3 
chr19 51 55.0 99% 1,853.4 4.4 316 48.2 86% 291.6 1.6 
chr20 31 57.9 97% 3,914.5 7.6 328 49.8 84% 349.4 1.5 
chr21 35 33.0 94% 1,980.9 12.5 180 29.1 83% 304.1 0.8 
chr22 30 33.1 95% 2,429.5 6.2 159 29.5 85% 366.0 1.4 
Total 1,992 2,598.1 96.8% 2,403.9 12.5 15,315 2,191.5 81.6% 318.7 3.4 

Autosomal region of the genome have been phased, since AK1 is a male person.  
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Table 15. Haplotype-specific alleles per chromosomes 
  Phased Variants 
  Het SNPs Hom SNPs Het INDELs Hom INDELs Het large SVs Hom large SVs 
chr1 153,853 124,818 7,358 6,514 1,863 323 
chr2 159,672 133,893 7,721 6,941 1,880 323 
chr3 128,221 114,943 5,972 5,728 1,495 265 
chr4 138,860 120,254 6,695 5,856 1,658 234 
chr5 120,983 91,714 5,303 4,712 1,301 216 
chr6 129,980 101,781 6,106 5,162 1,470 295 
chr7 114,395 87,045 5,255 4,610 1,782 294 
chr8 111,101 77,958 4,555 3,586 1,209 224 
chr9 89,046 64,945 3,842 3,009 1,088 200 
chr10 94,171 75,201 4,370 3,806 1,252 209 
chr11 92,486 78,056 4,191 4,007 1,167 202 
chr12 94,828 75,902 4,689 4,139 1,225 232 
chr13 70,731 64,056 3,272 3,342 989 173 
chr14 68,444 47,451 3,147 2,471 671 102 
chr15 54,878 46,343 2,550 2,531 664 122 
chr16 62,360 44,862 2,714 2,088 844 115 
chr17 49,833 39,326 2,573 2,330 933 172 
chr18 54,672 46,805 2,604 2,413 756 133 
chr19 49,278 29,131 2,596 1,759 923 137 
chr20 42,647 31,038 1,981 1,633 651 121 
chr21 28,924 20,578 1,361 1,448 482 81 
chr22 28,340 18,773 1,268 1,106 593 65 
Total 1,937,703 1,534,873 90,123 79,191 24,896 4,238 
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Table 16. Haplotype specific SVs validated with BACs 
Chr Start End Type Phase Identity BACConsensus Pool 
chr1 113,958,811 113,959,075 INS A Perfectmatch tig00002142 discordant 
chr1 246,989,196 246,989,257 DEL A Perfectmatch tig00000198 discordant 
chr2 98,581,994 98,582,298 INS A Perfectmatch tig00000392 discordant 
chr2 119,652,745 119,652,835 INS B Perfectmatch tig00000221 discordant 
chr4 1,357,963 1,358,091 DEL A Perfectmatch tig00000581 discordant 
chr4 1,391,891 1,392,161 DEL A Perfectmatch tig00000581 discordant 
chr4 1,422,246 1,422,564 INS A Perfectmatch tig00000581 discordant 
chr5 180,472,685 180,473,753 INS A Reasonable match tig00000671 discordant 
chr6 31,274,795 31,274,929 DEL B Perfectmatch tig00000117 discordant 
chr6 31,288,028 31,288,262 DEL B Perfectmatch tig00000559 discordant 
chr6 31,296,611 31,296,953 INS A Perfectmatch tig00000559 discordant 
chr6 31,297,002 31,297,786 INS A Perfectmatch tig00000559 discordant 
chr7 91,214,216 91,220,724 DEL A Perfectmatch tig00000431 discordant 

chr7 142,098,196 142,276,196 COMPLEX A Perfectmatch 
(Half covered) tig00000418 discordant 

chr8 40,748,769 40,748,821 INS A Perfectmatch tig00000737 discordant 
chr8 58,125,117 58,130,499 INS B Perfectmatch tig00000614 discordant 
chr8 58,127,011 58,132,331 INS B Perfectmatch tig00000614 discordant 
chr8 58,130,650 58,133,690 INS B Perfectmatch tig00000614,tig00000617 discordant 
chr8 58,133,432 58,133,447 COMPLEX B Perfectmatch tig00000614 discordant 
chr8 58,134,140 58,134,162 COMPLEX B Perfectmatch tig00000614 discordant 
chr8 144,743,728 144,744,518 INS B Perfectmatch tig00000658 discordant 
chr8 144,744,064 144,744,376 INS B Perfectmatch tig00000658 discordant 

Indel errors counted in the mismatches may occure due to errors lying in un-polished BAC-consensus. 
  



46 

 

Table 16. Haplotype specific SVs validated with BACs (Cont.) 
Chr  Start   End  Type Phase Identity BAC Consensus Pool 
chr8 144,749,197 144,749,247 DEL B Perfect match tig00000658 discordant 

chr9 72,092,330 72,121,287 DEL B Perfect match tig00002138, tig00002139, 
tig00002141  discordant 

chr9 73,329,558 73,347,551 DEL A Perfect match tig00000079 discordant 
chr10 124,440,825 124,441,001 INS A Perfect match tig00000028 discordant 
chr11 980,084 980,512 INS A Perfect match tig00000703 discordant 
chr11 1,016,402 1,018,078 INS B Perfect match tig00000550 discordant 
chr11 93,159,327 93,160,963 DEL B Perfect match tig00000407 discordant 
chr17 225,442 225,496 DEL B Perfect match tig00000486 discordant 
chr19 2,131,618 2,131,672 INS B Perfect match tig00000482 chr20 
chr19 2,200,975 2,201,029 DEL A Perfect match tig00000482 chr20 
chr19 8,349,945 8,364,794 DEL A Perfect match tig00000303 discordant 
chr19 9,322,373 9,322,441 INS A Perfect match tig00000355 discordant 
chr19 40,373,874 40,389,581 DEL B Perfect match tig00000650, tig00000668 discordant 
chr20 1,592,352 1,592,514 INS A Perfect match tig00000000 chr20 
chr20 1,778,627 1,778,741 INS B Perfect match tig00000532 chr20 

chr20 1,853,166 1,862,364 INS B Perfect match 
(Half covered) tig00000611 chr20 

chr20 4,399,805 4,399,860 DEL A Perfect match tig00000499 chr20 
chr20 7,458,207 7,458,445 DEL A Perfect match tig00000430 chr20 
chr20 8,586,996 8,587,157 DEL A Perfect match tig00000391 chr20 
chr20 16,133,448 16,133,500 INS A Reasonable match tig00000146 chr20 
chr20 16,169,425 16,169,569 INS A Perfect match tig00000146 chr20 
chr20 18,794,815 18,795,135 DEL B Perfect match tig00000133 chr20 
chr20 23,526,216 23,526,353 DEL A Perfect match tig00000010 chr20 
chr20 23,527,682 23,527,850 INS A Perfect match tig00000010 chr20 
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Table 16. Haplotype specific SVs validated with BACs (Cont.) 
Chr Start End Type Phase Identity BAC Consensus Pool 

chr20 25,540,289 25,540,472 COMPLEX A Perfect match tig00000398 chr20 
chr20 33,219,539 33,219,593 DEL A Perfect match tig00000656 chr20 
chr20 35,188,021 35,188,211 INS A Perfect match tig00000232 chr20 
chr20 35,190,278 35,190,443 DEL A Perfect match tig00000232 chr20 
chr20 51,845,284 51,845,341 DEL B Perfect match tig00000332 chr20 
chr20 54,202,851 54,202,925 INS B Perfect match tig00000087 chr20 
chr20 54,203,127 54,203,249 INS B Perfect match tig00000087 chr20 
chr20 54,406,602 54,406,742 INS A Perfect match tig00000668 chr20 
chr20 55,992,439 55,992,505 INS A Perfect match tig00000337 chr20 
chr20 58,874,602 58,874,658 INS A Perfect match tig00000312 chr20 
chr20 59,367,173 59,367,243 INS A Perfect match tig00000290 chr20 
chr20 59,478,248 59,478,334 INS A Perfect match tig00000290 chr20 
chr20 59,556,276 59,556,360 INS B Perfect match tig00000003 chr20 
chr20 59,604,078 59,604,128 INS B Perfect match tig00000003 chr20 
chr20 59,621,200 59,621,275 DEL B Perfect match tig00000003 chr20 
chr20 59,865,386 59,865,602 INS A Perfect match tig00000606 chr20 
chr20 59,974,166 59,974,487 DEL A Perfect match tig00000895 chr20 
chr20 60,948,060 60,948,116 DEL A Perfect match tig00000390 chr20 
chr20 60,948,434 60,948,597 COMPLEX A Perfect match tig00000390 chr20 
chr20 60,992,802 60,992,852 INS A Perfect match tig00000390 chr20 
chr20 62,807,356 62,807,504 INS B Perfect match tig00000145 chr20 
chr20 62,902,209 62,902,425 DEL A Perfect match tig00000145 chr20 
chr22 24,195,933 24,198,505 DEL B Perfect match tig00000305 discordant 
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Table 17. HLA-Typing results 
HLA Gene MHC Haplotig A MHC Haplotig B 

HLA-A A*32:01:01 A*24:02:01:01 

HLA-B B*51:01:01:01 B*58:01:01 

HLA-C C*03:02:02:01 C*14:02:01 

HLA-DRB1 DRB1*03:01:01:01 DRB1*15:01:01:01 

HLA-DRB3 DRB3:02:02:01:01 DRB3:02:02:01:01 

HLA-DQA1 DQA1*05:01:01:01 DQA1*01:02:01:01 

HLA-DQB1 DQB1*06:02:01 DQB1*02:01:01 

HLA-DPA DPA1*01:03:01:01 DPA1*02:02:02 

HLA-DPB DPB1*02:01:02 DPB1*05:01:01 
All haplotypes are concordant to the targeted resequencing based genotyping result. 
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Table 18. Alleles associated with pathogenic diseases or drug-response and its configuration. In this table, heterozygous variants changing amino 
acids in a gene are listed with its configuration in cis or trans. Among the phased variants, 7 genes had at least 1 pathogenic or drug-response related 
annotation with Clinvar. 

Chr Position Ref Alt dbSNP144 Gene Trans/Cis Function AA Change 
Clinvar 1KG AF (2015 Aug.) 

(06-29-2015) All EAS SAS EUR AFR AMR 

chr1 203,186,950 - 

AGACCA 

rs150192398 CHIT1 Trans stopgain NA NA 0.29 0.57 0.46 0.18 0.02 0.30 TGGCCC 
CGCCCA 
GTCCCT 

chr1 203,194,186 C T rs2297950 CHIT1 Trans ns SNV c.G304A:p.G102S Pathogenic 0.29 0.28 0.26 0.32 0.27 0.33 
chr5 176,516,631 G A rs1966265 FGFR4 Trans ns SNV c.G28A:p.V10I NA 0.23 0.51 0.21 0.18 0.02 0.32 
chr5 176,520,243 G A rs351855 FGFR4 Trans ns SNV c.G1162A:p.G388R Pathogenic 0.30 0.46 0.39 0.29 0.11 0.31 

chr7 141,672,604 T C rs10246939 TAS2R38 Trans ns SNV c.A886G:p.I296V Drug-
Response 0.52 0.68 0.36 0.46 0.48 0.69 

chr7 141,672,705 G A rs1726866 TAS2R38 Trans ns SNV c.C785T:p.A262V Drug-
Response 0.43 0.32 0.64 0.54 0.33 0.29 

chr7 141,673,345 C G rs713598 TAS2R38 Trans ns SNV c.G145C:p.A49P Drug-
Response 0.50 0.68 0.34 0.42 0.48 0.66 

chr9 136,297,737 C G novel ADAMTS13 Cis ns SNV c.C32G:p.T11R NA 0.00 0.02 0.00 0.00 NA NA 
chr9 136,301,982 C G rs2301612 ADAMTS13 Cis ns SNV c.C358G:p.Q120E Pathogenic 0.27 0.18 0.43 0.43 0.04 0.39 
chr9 136,305,530 C G novel ADAMTS13 Cis ns SNV c.C868G:p.P290A NA 0.03 0.02 0.03 0.08 0.01 0.04 
chr10 70,641,860 T C rs1341667 STOX1 Trans ns SNV c.T457C:p.Y153H Other 0.61 0.90 0.60 0.64 0.38 0.61 
chr10 70,645,376 A C rs10509305 STOX1 Trans ns SNV c.A1824C:p.E608D Pathogenic 0.14 0.08 0.23 0.22 0.03 0.22 

chr16 3,293,888 C T rs1231122 MEFV Cis ns SNV c.G1306A:p.G436R Non-
Pathogenic 0.35 0.40 0.24 0.44 0.33 0.37 

chr16 3,299,468 C T rs11466024 MEFV Cis ns SNV c.G590A:p.R197Q NA 0.02 0.05 0.02 0.00 0.00 0.01 
chr16 3,299,586 G A rs11466023 MEFV Cis ns SNV c.C472T:p.P158S NA 0.02 0.07 0.02 0.00 0.00 0.01 
chr16 3,304,626 C G rs3743930 MEFV Cis ns SNV c.G442C:p.E148Q Pathogenic 0.13 0.29 0.30 0.01 0.02 0.01 

chr22 42,523,943 A G rs16947 CYP2D6 Cis ns SNV c.T733C:p.C245R Drug-
Response 0.64 0.86 0.64 0.66 0.45 0.67 

chr22 42,526,694 G A rs1065852 CYP2D6 Cis ns SNV c.C100T:p.P34S Drug-
Response 0.24 0.57 0.16 0.20 0.11 0.15 

 
ns, nonsynonymous; 1KG, 1000 Genomes Project; AF, Allele Frequency; EAS, East Asian; SAS, South Asian; EUR, Europian; AFR, African; AMR, 
American
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Figure 7. Scaffolds compared to the human reference genome. Scaffold 

coverage over reference genome per chromosome. Colors represents the length 

of the scaffold: the darker color is longer in scaffold size. Scaffolds are covering 

both arms of chromosome 20. Gaps of hg38 spanned with scaffolds are marked 

as red dots. 
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Figure 8. Read depth distribution of short reads. The distribution is plotted 
against AK1 assembly, AK1 assembly with scaffolds ≥ 500 kb, GRCh37 and 
GRCh38. As the mean coverage depth of short reads was 72x, a peak is shown 
around it representing the fraction of autosomal region. Another peak is shown 
in ~36x, which is half of the mean coverage depth, representing the contigs 
derived from chrX and chrY. The fluctuating long tale is showing 3-copy and 
4-copy of a haplotype, but more clearly seen with AK1 long scaffolds. The 
overall pattern is showing that more SVs are reflected in AK1 long contigs than 
the reference. 
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Figure 9. Density plot of the homozygously altered allele read depth. The 
altered read depth of homozygous variants have been counted from long 
scaffolds (≥ 500kb) of AK1 assembly v1. Majority is skewed in a low allelic 
read depth, suggested to be sequencing artifact. 
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Figure 10. Composition of SVs found from AK1 Scaffolds. Overall 

distribution of SVs categorized under novelty and insertion / deletion. About 

9,400 novel SVs (41.6%) were novel out of 18,210 SVs. More insertions have 

been called than deletions. 
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Figure 11. SVs clustered by population and read depth based frequency. Clustering results are shown in the upper figure. As shown in the 
heatmap, Asian specific SVs are shared more commonly among Asian population than other population. Exemplary of two Asian specific 
candidate SVs in POU2F3 and HRASL2 is shown in the figure below. 
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Figure 12. Variant frequency of 2 insertions in positive natural selection 
signals. Figure on the left is showing variant frequency of a 243 bp insertion in 
FOXP1, which was inside of a previously reported region having positive 
natural selection signal among Asian population. Figure on the right is sowing 
variant frequency of a 6.3 kb insertion in MUC19 with a distance of 6.7 kb from 
the signal. 
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Figure 13. An Asian specific insertion lying in LD block. A 450 bp insertion 

was found in ANO2, and the nearby SNPs were lying in a LD block commonly 

shared among Asian population. The read depth based allele frequency and 

allele frequency from 1000 genome project of a marker SNP (rs112541936) is 

shown below. 
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Figure 14. Circular visualization of phased blocks with heterozygosity. Genome wide map of highly heterozygous regions and expression 
levels of haplotype A and B in log scale. The outer circle is showing the chromosomes and gaps in GRCh37. Inner circles are showing phased 
blocks, heterozygosity among haplotigs, expression level of haplotype A and B, respectively. Heterozygosity is measured as allele difference 
density in 5 Mb sliding windows. 
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Figure 15. HLA genes in MHC II region. HLA genes in MHC Class II region. 

This highly variable, complex region contained many SVs making it difficult 

to phase against the reference genome. In the upper figure, the Class II locus is 

displayed with SVs on each phase. Below, HLA type on each haplotype is 

shown. In the upper figure, locus of the ClassII genes with complex SVs on 

each phase are depicted. HLA type on each haplotype is shown below. 
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Figure 16. MHC class II haplotigs alignment on chr6 and dotplots. a, MHC 
Haplotig A and B aligned on GRCh37 chr6. The complex region shown fin Fig. 
3a are in green bars. b, Dotplot of haplotig A and B to the reference genome. 
The region highlighted in red is giving many SVs when aligning on the 
reference due to different sequence context in haplotigs. 
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Figure 17. Dotplot of MHC haplotig to the ALT patches of MHC region in GRCh38. Haplotig A had the most similarities with 
chr6_GL000255v2_alt for the highlighted region in b. The blank vertical lines indicate ‘N’ bases in the reference ALT sequence.  
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Figure 18. Phased haplotypes of CYP2D6 and CYP2D7. Both haplotypes of 

CYP2D6 and CYP2D7. The upper figure shows a duplicated region covering 

CYP2D6 and the last exon of CYP2D7 infered by the read depth of alignment 

of short reads mapped on chromosome 22. The figure below shows each 

haplotigs containing CYP2D6 and CYP2D7, with the dna changing alleles 

shown. Protein changing variants are marked in bold, with its amino acid 

changing notion above or below. CYP2D6 haplotypes are compared to M33388 

and annotated according to CYP2D6 nomenclature. 
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Figure 19. Allelic configuration of genes with compound heterozygosity. 

Two genes having heterozygous variants reported to be associated with 

recessive disorders had other alleles as well. After phasing, the alleles were 

identified to reside on one haplotype, leaving the other haplotype left intact. 
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DISCUSSION 

In this study, we achieved the most contiguous and accurate de novo assembly 

with a full resolution of haplotype phasing. These results demonstrate the power 

of de novo assembly and phasing by integrating SMRT sequencing, genome 

maps, linked reads and BACs in generation of high-quality contiguous 

scaffolds, in detection of the full range of SVs, and in understanding the 

haplotype structure in clinically relevant genes for precision medicine. 

 

To achieve a phased genome that is contiguous and with accurate resolution, 

the quality of de novo assembly is the first factor influencing the overall results. 

Next, the second most important factor is the availability of BAC sequences. 

The microfluidics-based linked-reads also provided valuable haplotype 

information. 

 

For the assembly, as shown in Fig. 20, we have assessed the contig N50 

assembled with FALCON ver. 0.2 on 72x and 101x coverage. The best N50 

increased ~ 2 Mb. However, as we have re-run the assembly with FALCON 

ver. 0.3, the N50 jumped dramatically. This result is certainly not enough for 

giving an insight of which read coverage will be the minimum necessary to 

achieve a contiguous N50, but provides an important message that the 

assembler itself also plays a major role to enhance the contiguity. Moreover, 

the chemistry used to generate SMRT reads also plays a major role. As these 

methods of de novo assembly for diploid genomes are still in their infancy, we 
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expect more efficient tools will be developed as well as the chemistries used in 

each platform. Therefore, we have to be careful describing the minimum 

amount of data needed at this time. 

 

For phasing the haplotypes, the de novo assembly used as a template plays the 

biggest part, since our method relies on the heterozygous variants lying in the 

assembly. The assembly should reflect at least one allele of the haplotype, 

preferably the insertions, and be as contiguous as possible to extend the phased 

blocks. For example, the duplicated insertion of CYP2D6 was already present 

in the AK1 assembly, making it easy to phase the subreads. The aligned read 

depth showed the ploidy dropping by half, indicating the insertion to be 

heterozygous. Subreads could be unambiguously phased to both haplotypes, 

and successfully assembled into haplotigs. 

 

However, when it came to the extremely hypervariable MHC, the assembly 

itself was not enough to represent one haplotype. A mixture of both haplotypes 

was present in the scaffold, containing tangling errors during hybrid scaffolding. 

The haplotype differences at the end of the contigs that had been scaffolded 

with NGM needed to be explicitly fixed with the use of BACs and linked-reads. 

This step is reasonable since the scaffolding was based on in-silico generated 

cmaps, where the end sequences of NGM not containing the cmaps are hard to 

varify during scaffolding. 
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But this was an extreme example, whereas most of the phasing was achieved 

stably without explicit fixing. For doing this, BAC plays the second most 

important role for enhancing the phasing accuracy. 

 

As was shown in Table 8, the phased block N50 generated only with linked 

reads and subreads was 5.70 Mb. Eventually, by adding phase information of 

BACs, the N50 markedly increased to 11.55 Mb. The major key point for 

enhance phasing accuracy is achieved with more accurate phasing markers, 

independent from the sequencing platform. The switch error rate for the phasing 

markers dropped from 0.45% to 0.23% with the BACs. 

 

Our findings in SVs demonstrate significant genomic differences between 

ethnic groups, and highlight the need for further genomic studies focused on 

samples outside of European ancestry to describe the full range of functionally 

important variation in humans. 

 

The comparison between our Asian specific SVs and previously reported 

candidates for positive selection among Asian population revealed only a small 

number of variants overlapped or were close to the region. This could be due to 

the limitations in the previous study using short-reads, only handling the 

‘accessible region’ which is masking highly variable in depth of coverage. 

Considering the fact that the majority of our SVs are composed of repeat 

elements, the short read depth cannot be assumed to be stable, and would be 
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easily a target for masking. Moreover, our stringent criteria for defining Asian 

specificity removes some signals which is shared with another population. 

 

As positive selection is based on derived alleles, and current studies are only 

available for re-sequencing based methods, it would be possible to conduct a 

study targeting SVs in positive selection when more de novo assembled, and 

phased genomes becomes available, including one representing the ancestry 

population. 

 

With completely phased diploid genomes, identifying causative variations 

associated to diseases can become easier than before. Conventional association 

studies will be able to precisely report the exact haplotype, overcoming the 

limited scope of SNPs or short indels. Variations lying in cis to certain genes 

can be targeted for haplotype specific regulatory candidates with a combination 

of expression analysis. For achieving such accomplishments, we strongly 

believe our study will serve as the first landmark in de novo assembly and 

phasing. 
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Figure 20. Falcon parameter optimization for assembly. The contig N50 

jumped ~10 Mb with an upgraded version of FALCON, indicating that the 

assembler algorithm itself plays a major role to enhance the contiguity. 
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국문초록 

 

아시안 표준유전체 구축을 위한 

AK1 유전체 신생조합과 단배체 위상 규명 

 

서울대학교 대학원 의과학과 유전체의학전공 

이 아 랑 

 

유전체 신생조합(de novo assembly) 에 필요한 기술의 발달로 

유전체의 구조 및 전반적인 변이 파악이 수월해 졌고, 이로 인해 

유전적 다양성을 파악함은 물론 이를 정밀의학에 응용할 수 있게 

되었다. 본 연구에서는 아시안 한 명의 유전체를 신생조합하고, 그 

유전체를 단배체 단위로 위상을 규명하여(haplotype phasing) 아시안 

표준유전체를 구축하고자 하였다. 본 연구에서 분석을 위해 다양한 

기반 기술을 활용하였는데, 이는 비교적 긴 서열을 얻을 수 있는 

단일 분자 실시간 시퀀싱 기술 (single molecule real time sequencing), 

제한효소에 의한 광학 지도 (optical mapping), 인조 박테리아 염색체 

(bacterial artificial chromosome, BAC) 등을 포함한다. 먼저, 단일 분자 

실시간 시퀀싱 기술과 물리적 위치기반 지도를 결합하여 서열 

조각(contig)들과 이를 엮어서 만든 구조체(scaffold)를 구할 수 
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있었는데, 각 각의 N50 (전체 합성한 서열의 합에서 반이 되는 

위치의 서열 조각의 길이)는 17.9 Mb와 44.8 Mb였다. 특히, 조합한 

구조체들이 여덟개의 염색체 팔을 재구성할 수 있을 정도로 매우 

긴 연속성을 띄어 추후의 분석에 유리하게 작용하였다. 본 

연구에서 조합한 유전체는 동일한 피험체로부터 만든 56,794개의 

인조 박테리아 염색체와도 매우 높은 일치성을 보였는데, 이는 

유전체 조합의 정확성을 대변한다고 하겠다. 이렇게 조합한 

유전체를 인간 표준 유전체와 직접적으로 비교함으로써 18,210 개의 

구조 변이 (structural variation) 를 구할 수 있었고, 이 중 수천 여 

개는 과거에 보고된 바가 없었다. 본 연구에서 새롭게 보고하는 

구조변이 중 다수는 전사체로도 발현되는 것을 확인할 수 있었고, 

아시안 안에서 자주 공유되는 것들을 찾을 수 있었다. 다음으로, 

단배체 위상규명을 위해 전장 유전체 서열 분석으로 구한 묶인 

서열(linked reads)과 초대용량 서열 분석으로 구한 인조 박테리아 

염색체의 서열을 활용하였다. 위상이 규명된 단위 (phased block)는 

N50가 11.5 Mb로, 이제껏 보고된 것을 훨씬 앞지르는 수치였다. 이 

위상 단위 안에서 앞의 신생조합과는 별도로, 신생조합에 쓰였던 

단일 분자 서열들을 다시 단배체 단위로 가르고, 단배체 서열 

조각(haplotig)으로 합성한 결과, 유전자의 89%에 대해 단배체 

위상을 파악할 수 있었다. 단배체 서열 조각은 초가변영역인 주요 

조직 적합 유전자 복합체(MHC)는 물론 CYP2D6와 같이 임상적으로 



75 

 

치료와 연관이 있는 유전자와 질병과 관련된 대립형질의 구조를 

정확히 파악할 수 있었다. 본 연구에서는 이제껏 보고된 바 없는 

가장 긴 이배체 유전체의 신생조합을 보고하고, 새로운 구조변이와 

아시안 특이의 구조변이에 대해 연구하였으며, 단배체 위상을 

규명함으로써 질병과 연관된 형질을 정확히 파악하여 개인별 

맞춤의학에 기여하는 계기가 될 것이다. 

 

------------------------------------- 

주요어 : 신생조합, 단배체 위상 규명, 단일 분자 실시간 기술, 인

조 박테리아 염색체, 아시안 표준 유전체, 정밀의학 
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