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This note describes information for the construction of JG1, the Japanese reference genome sequence.
JG1 was constructed from three de novo assembled haploid genomes from three Japanese male
individuals (jg1a, jg1b, and jg1c) through 11 steps as follows.

Step 1: De novo assembly of PacBio subreads by using FALCON software.
Step 2: Polishing the primary contigs of the FALCON output with the PacBio subreads by using the
ArrowGrid software.
Step 3: De novo assembly of Bionano molecules by using the Bionano Solve software.
Step 4: Hybrid scaffolding of the polished contigs and the optical contig maps by using the Bionano
Solve software
Step 5: Polishing the hybrid scaffolds with Illumina short reads
Step 6: Integrating and filling the gaps of the polished hybrid scaffolds of an individual by those of the
other two individuals by using the Metassembler software with the aid of mate-pair short reads.
Step 7: Defining and employing the major allele in the sites that segregate among the three genomes.
Step 8: Ordering and aligning the orientation of the meta-assembled scaffolds by using the ALLMAPS
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software.
Step 9: Modify the length of consecutive Ns in the telomeric, centromeric, and constitutive
heterochromatic region.
Step10: Mask the putative pseudo-autosomal region 1 (PAR1) in the chromosome Y by finding the
homologous region in the chromosome X.
Step 11: Shift the start position of the mitochondrial genome sequence in JG1 (chrM) to that of the
revised Cambridge Reference Sequence (rCRS).

PacBio subreads were assembled by using FALCON with the following configurations:

We ran the ArrowGrid shell scripts with some modifications in the following shell scripts: arrow.sh ,
consensus.sh , and merge.sh . In the arrow.sh , we modified the variable for the number of jobs

to the smaller one between the number of contigs and the number of bam  files in the input.fofn  file.
We also modified the arrow.sh  to optimize qsub options to our UGE settings. We modified
consensus.sh  and merge.sh  to deal with our modification in the arrow.sh , and optimized the
qsub  command options.

We obtained two optical map data (BspQI and BssSI) from the individual jg1a, and one optical map data
(DLE-1) from jg1b and jg1c. In both cases, the Bionano optical maps were assembled in two steps: the

length_cutoff = 9000 
length_cutoff_pr = 15000 
genome_size = 3200000000
pa_HPCdaligner_option = -v -dal128 -t16 -e.75 -M16 -l4800 -k18 -h480 -w8 -s100 -T1
ovlp_HPCdaligner_option = -v -dal128 -M24 -k24 -h1024 -e.96 -l2500 -s100 -T1
pa_DBsplit_option = -x500 -s400 
ovlp_DBsplit_option = -s400
falcon_sense_option = \
    --ouput_multi --min_idt 0.70 --min_cov = 4 --max_n_read 200 --n_core 1
overlap_filtering_setting = --max_diff 60 --max_cov 60 --min_cov 0 --n_core 12

Detail

Step 1: De novo assembly of PacBio subreads by using the FALCON
software.

Step 2: Polishing the primary contigs from the FALCON output with the
PacBio subreads by using the ArrowGrid software.

Step 3: De novo assembly of Bionano molecules by using the Bionano Solve
software.



rough assembly step and the full assembly step to assemble the genome sequence as independently as
possible from the reference, GRCh38. For the rough assembly step of individual jg1a, we ran the
pipelineCL.py  software with the following settings:

-T 128 
-j 8 
-f 0.2 
-i 0 
-b ${data_dir}/Molecules.bnx 
-l ${workdir} 
-t ${bindir}/Solve3.1_08232017/RefAligner/6700.6902rel/avx/ 
-a ${bindir}/Solve3.1_08232017/RefAligner/6700.6902rel/ \
    optArguments_nonhaplotype_irys.xml
-C ${workdir}/clusterArguments_${ver}.xml 
-V 0 
-A 
-z 
-u 
-m

For the full assembly step of individual jg1a, we ran it with the following settings:

-T 128 
-j 8 
-f 0.2 
-i 5 
-b ${data_dir}/Molecules.bnx 
-l ${workdir} 
-t ${bindir}/Solve3.1_08232017/RefAligner/6700.6902rel/avx/ 
-a ${bindir}/Solve3.1_08232017/RefAligner/6700.6902rel/ \
    optArguments_nonhaplotype_irys.xml 
-C ${workdir}/clusterArguments_${ver}.xml 
-V 0 
-r ${rough_assembly_output}/exp_mrg0/EXP_MRG0A.cmap 
-y 
-m

For the rough assembly step of individual jg1b and jg1c, we ran the pipelineCL.py  software with the
following settings:



-l ${workdir} 
-t ${bindir}/Solve3.2.1_04122018/RefAligner/7437.7523rel/avx/ 
-C ${bionano_workdir}/clusterArgumentsBG_saphyr_phi_${ver}.xml  
-b ${data_dir}/all.bnx
-f 0 
-i 5 
-a ${bindir}/Solve3.2.1_04122018/RefAligner/7437.7523rel/ \
    optArguments_nonhaplotype_DLE1_saphyr_human.xml
-V 0 
-N 4 
-R 

For the full assembly step of individual jg1b and jg1c, we ran it with the following settings:

-l ${workdir} 
-t ${bindir}/Solve3.2.1_04122018/RefAligner/7437.7523rel/avx/ 
-C ${bionano_workdir}/clusterArgumentsBG_saphyr_phi_${ver}.xml  
-b ${data_dir}/all.bnx
-f 0 
-i 5 
-a ${bindir}/Solve3.2.1_04122018/RefAligner/7437.7523rel/ \
    optArguments_nonhaplotype_irys.xml 
-V 0 
-N 4
-r ${rough_assembly_output}/exp_mrg0/EXP_MRG0A.cmap 
-y 

The -T  and -j  options were set variously for computational efficiency.

Hybrid scaffolding for jg1a was performed to integrate single set of primary contigs from the FALCON
output and the two sets of optical contig maps (BspQI and BssSI) from the Bionano Solve output. To
perform two-enzyme hybrid scaffolding, we ran the runTGH.R  R script with the options below:

Step 4: Hybrid scaffolding of the long read-polished contigs and the optical
contig maps by using the Bionano Solve software.



-N ${jg1a}-p_ctg.arrow.fa 
-b1 ${bionano_workdir_BspQI}/contigs/exp_refineFinal1/EXP_REFINEFINAL1.cmap 
-b2 ${bionano_workdir_BssSI}/contigs/exp_refineFinal1/EXP_REFINEFINAL1.cmap 
-e1 BSPQI 
-e2 BSSSI 
-O ${jg1a_hybridscaffold_output_path}/${jg1a_output_file_name} 
-R ${bindir}/Solve3.2.1_04122018/RefAligner/7437.7523rel/avx/RefAligner 
${bindir}/Solve3.2.1_04122018/HybridScaffold/04122018/TGH/ \
    hybridScaffold_two_enzymes.xml

Hybrid scaffolding for jg1b or jg1c was performed to integrate single set of primary contigs from the
FALCON output and the single set of optical contig maps (DLE-1) from the Bionano Solve output. To
perform single-enzyme hybrid scaffolding, we ran the hybridScaffold.pl  Perl script with the options
below:

-n ${arrow_workdir}/${jg1b_or_jg1c}-p_ctg.arrow.fa 
-b ${bionano_workdir}/contigs/exp_refineFinal1/EXP_REFINEFINAL1.cmap 
-c ${hybridscaffold_workdir}/hybridScaffold_DLE1_config.tmem.xml 
-r ${bindir}/Solve3.2.1_04122018/RefAligner/7437.7523rel/avx/RefAligner 
-o ${workdir}
-B 2 
-N 2 
-f 
-e ${bionano_workdir}/contigs/auto_noise/autoNoise1.errbin

To further reduce the potential error in the scaffolds, we utilized Illumina WGS short reads of 162-bp and
259-bp paired end (PE) reads; both have ~30X read depth. We mapped both 162-bp PE reads and 259-bp
PE reads to the hybrid scaffolds by using BWA MEM software with the option -t 22 -K 1000000 . The
resulting alignment file was coordinate-sorted and compressed with Picard tools SortSam  command.
The resulting bam files from 162-bp PE and 259-bp PE reads were merged with Picard tools
MergeSamFiles  command. The merged bam files were then split to each scaffold by using Samtools
view  command to reduce the computational task for the downstream processes. Then, each scaffold

was polished by using Pilon software with option
--threads 22 --diploid --changes --vcf --tracks . The polished fasta file for each scaffold

was then merged to a single multi-fasta file.

Step 5: Polishing the hybrid scaffolds with Illumina short reads

Step 6: Integrating and filling the gaps of the polished hybrid scaffolds of an
individual by those of the other two individuals by using the Metassembler
software with the aid of mate-pair short reads.



The three polished hybrid scaffolds were then undertaken to be integrated with Metassembler. Because
Metassembler integrates the two assemblies in an asymmetric manner (that is, the order of the two
arguments matters), we performed twelve meta-assemblies; that is, (a + (b + c)), (a + (c + b)), ((a + b) + c),
((a + c) + b), (b + (a + c)), (b + (c + a)), ((b + a) + c), ((b + c) + a), (c + (a + b)), (c + (b + a)), ((c + a) + b), ((c
+ b) + a), where “x + y” means meta-assemble x and y assemblies in this order.

For each round of meta-assembly, we aligned the two assemblies by using Nucmer software with the option
--maxmatch -c 50 -l 300 . The resulting delta file was filtered by delta-filter software with the option
-1 . The resulting delta file was converted to coords format by show-coords command with -clrTH

option. Short mate-pair reads were classified into four categories—mp, pe, se, and unknown—by using
NxTrim software, and the resulting reads with the correct mate-pair orientation from all three individuals
were mapped with the bowtie2 software with --minins 1000 --maxins 16000 --rf  option. The
sam output file from bowtie2 was then processed with mateAn command with -A 2000 -B 15000

option, meaning the range of insert length was 2 kb to 15 kb. The alignment information from nucmer and
the mate-pair mapping information were integrated with asseMerge command with -i 5 -c 6  options.
Finally, the metassem output was converted to the fasta format with the meta2fasta command.

The three polished hybrid scaffolds were mapped to the twelve meta-assembled genome sequences by
using minimap2 and variants were called by using paftools call  command. After normalizing the way of
variant calling by using bcftools norm  command, variants shared by two of the three genomes were
detected by using bcftools isec  command, and were regarded as major allele, and employed in the JG1
sequence by using bcftools consensus command. For multi-allelic sites among the three genomes, one
allele was randomly chosen and employed in the JG1 sequence by using the same software pipeline as the
major alleles described above.

The meta-assembled scaffolds were marked with the STS markers of three genetic and six radiation-hybrid
maps (the Genethon, the Marshfield, and the deCODE genetic maps; and the GeneMap99-G3,
GeneMap99-GB4, TNG, NCBI_RH, Stanford-G3, Whitehead-RH maps) by using an electronic PCR
simulation software, gPCR, with -S -D  ( -S  : show amplicon sequence, -D  : show direction of
marker) options. The STS marker sequences and their map position were fetched from the UniSTS
database.

The electronic PCR results were converted to bed format files and coordinates of some radiation hybrid
maps were scaled to about 2,000. These maps were merged by using ALLMAPS mergebed command.
Then the resulting merged bed was used for the ALLMAPS path  command with the option
--gapsize=10000  to order, align the orientation, and link scaffolds with 10,000 Ns. The weights for the

Step 7: Defining and employing the major allele in the sites that segregate
among the three genomes.

Step 8: Ordering and aligning the orientation of the meta-assembled scaffolds
by using the ALLMAPS software.



three genetic maps were set to 5, whereas those for the six radiation hybrid maps were set to 1 in the
weights.txt  file.

The physical length of short arms of the acrocentric chromosomes 13, 14, 15, 21, and 22 were obtained
from the Table 4 of Morton et al., (1991) (ref. 22). The relative length estimates of constitutive
heterochromatin regions in the chromosome 1, 9, and 16 were obtained from ref. 17 and ref. 18. The
relative length estimate of heterochromatin segment of the Y chromosome was obtained from ref. 19-21.
These relative lengths were converted to the absolute length (Mb) by using the physical length of
chromosomal arms in the Table 4 of ref. 22.

The length of consecutive Ns for each chromosome is provided in the Table. For chromosomes 8 and 11, in
which their centromere-specific sequence repeats were found in the midst of a scaffold—which were found
by aligning the LinearCen1.1 sequences with minimap2 software—no centromeric Ns were inserted. For
the other chromosomes, 3 Mb consecutive Ns were inserted, instead of 10 kb Ns inserted by the ALLMAPS
software, between the two scaffolds flanking the centromere.

The position of centromere was inferred from the Whitehead-RH and GeneMap99-GB4 maps, in which
weak radiation was used to break chromosomes and hence the centromeric or constitutive heterochromatin
region could be inferred from the region sparsely covered by STS markers.

To find the pseudo-autosomal regions, we aligned the chromosome Y and the chromosome X both from
JG1 by using minimap2 with option -cx asm5  and vice versa. The alignment started from the terminal
region of chromosome Y and ended at the 2.26 Mb. This region was regarded as the PAR1 region. The
other regions such as PAR2 and XTR was ambiguous for unknown reasons. Then we masked the putative
PAR1 region by using BEDtools maskfasta command.

Step 9: Modify the length of Ns in the telomeric, centromeric, and constitutive
heterochromatic region length.

Step10: Mask the putative pseudo-autosomal region 1 in the sub-telomeric
region in the chromosome Y by finding the region matching with those in the
chromosome X.

Table: The number of consecutive Ns in the telomeric, centromeric, and constitutive
hetrochromatin regions.



chr pter (bp) cen (bp) qter (bp) reference

1 10,000 30,000,000 10,000 17, 18, 22

2 10,000 3,000,000 10,000

3 10,000 3,000,000 10,000

4 10,000 3,000,000 10,000

5 10,000 3,000,000 10,000

6 10,000 3,000,000 10,000

7 10,000 3,000,000 10,000

8 10,000 - 10,000

9 10,000 30,000,000 10,000 17, 18, 22

10 10,000 3,000,000 10,000

11 10,000 - 10,000

12 10,000 3,000,000 10,000

13 16,000,000 - 10,000 22

14 16,000,000 - 10,000 22

15 17,000,000 - 10,000 22

16 10,000 20,000,000 10,000 17, 18, 22

17 10,000 3,000,000 10,000

18 10,000 3,000,000 10,000

19 10,000 3,000,000 10,000

20 10,000 3,000,000 10,000

21 11,000,000 - 10,000

22 13,000,000 - 10,000

X 10,000 3,000,000 10,000

Y 2,260,577 3,000,000 30,000,000 19, 20, 21, 22

 



We aligned the twelve meta-assembled scaffolds onto the GRCh38 whose mitochondrial sequence is
employed from the rCRS by using minimap2 with option -cx asm5  to find a scaffold that corresponds to
the mitochondrial genome. We found a scaffold of 16,568 bp in length that corresponds to the mitochondrial
sequence, which has a shifted start site because the mitochondrial genome is circular. We cut the latter part
of the sequence and put them at the first part of the sequence to match the start site.  

FALCON build ver. falcon-2017.11.02-16.04-py2.7-ucs2.tar.gz
ArrowGrid GitHub commit tag: 81b03f1

BionanoSolve

v3.1 for assembly of the individual jg1a
v3.2 for assembly of the individual jg1b, jg1c and for hybrid assembly

BWA mem v0.7.17
Picard v2.18.4
Samtools v1.8
Pilon v1.22

with modification to fix the issue reported https://github.com/broadinstitute/pilon/issues/48

Metassembler v1.5
with modification of the type of totalBases  variable in the CEstat.hh  from int to long to
deal with large genomes

NxTrim v0.4.3
Bowtie2 v2.3.4.1
Mummer v4.0.0beta2
Minimap2 v2.12
BCFtools v1.8
Seqtk v1.3
gPCR v2.6a
ALLMAPS v0.8.12
BEDtools v2.27.1

UniSTS STS marker primer sequence
ftp://ftp.ncbi.nih.gov/pub/ProbeDB/legacyunists/UniSTShuman.sts
UniSTS STS marker map position

Step 11: Shift the start position of the mitochondrial genome sequence in JG1
(chrM) to that of the revised Cambridge Reference Sequence (rCRS).

Software Versions

Resources

https://github.com/broadinstitute/pilon/issues/48
ftp://ftp.ncbi.nih.gov/pub/ProbeDB/legacy_unists/UniSTS_human.sts


ftp://ftp.ncbi.nih.gov/pub/ProbeDB/legacyunists/UniSTSMapReports/Homo_sapiens

ToMMo Super Computer
overview: https://sc.megabank.tohoku.ac.jp/en/outline
hardware environment: https://sc.megabank.tohoku.ac.jp/en/hardware
software environment: https://sc.megabank.tohoku.ac.jp/en/software
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