SUPPLEMENTARY INFORMATION

doi:10.1038/nature13907

Table of Contents
|. DNA sample preparation and SEQUENCING .....cccuiieieiiiieeiiitee e sttt e ssieeeessteeeesssreeeesssseeeessseeessssseesssssseeenns 3
[I. Sequence alignment and asSEMBIY...........uvii i e 6
1T - o X ol [0 1] U Y- 8
I CT=Y o Lo 1 U =l T o G 2@ 3 1o 7 2R 8
b. Gap closure iN GRCN3.........ooiiiiie et e et e e st b e e e sabae e e sabteeesaasaeeeesnsseeeennsseeenan 12
C. Insertion variants in Other GENOMES. ......coii i e e e e aree s 13
IV. Structural variation detECtioN........oouei i 13
a. Variant detection PIPEIINE ......oooiiii e e et e e e et e e e et e e e e e aba e e e e nbeeeeennreeas 13
b. Detection of mobile element insertions (MEIs) and deletions.........ccueeeecieeeeciieee e 16
Lol [ 1Y 7=T Yo LT PSPPSR OPPPP PO 17
Lo B I 20 o T T a1 [ o T PRSP 19
e. Insertions and deletions INSIAE GENES......cccciiii i e e s srbee e e e abeeas 20
f. Mappability including structural Variants........cccooocieei e 22
8. ASSEMDIY AEFICIENCIES ....vviieceeee e e e e e ee e et e e e et e e e e e ebe e e e eensteeeeenrenas 23
IS Yol G = V== T = 2 RS 23
ii. STR length bias of INSEITION SILES ...cc.viiii e e et e et e e te e e e v 24
V. Validation @XPerimMENTS. ...ccii i e e e et e e e s ata e e e eataeeeesabeeeeantbeeeeaaraeeean 25
I CT=] V=] o £ 4o ] o 1SRRI 28
b. Presence of novel sequence in additional GENOMES.......ccc.vviiieiiiieeeciieeeecee e e e 30
C. STRVAIIAATIONS ettt s e ettt e s bee e st e s be e e bee e s beeesneeesnreesareeesareesans 31
d. FOSMId iNSert Validations .......cooueiiiieieeee e 32
e. Validation of hard-stops, inversions, and complex iNSertions........ccccccvuveeiecieeeecciiee e e 33
f. COMPAriSON 1O PANTIOA ...oiii ettt e e e e ete e e et e e e e e e baee e seabaeeeessbaeeeesabeeesesnseeeasanseeeeennsees 34
VI. Comparison to other structural variation data SetS .......ceeeciiiiiiiiiiiicceeecee e 35

WWW.NATURE.COM/NATURE | 1



doi:10.1038/nature13907 {2 T\{H; W SUPPLEMENTARY INFORMATION

a. llumina vs. SMRT SeNSitiVity @NalySis. .....ueeeiiiiiiiiiiiiie et e e e e e e e aee e e e e e 36
b. lllumina vs. SMRT MEI insertion complexity @nalysis. ......cccccveeeiiiiiiiiiieeeiiiiee e eseee e seeee e 37
VII. Tandem repeat copy NUMDBEr aNnd SEFUCTUIE .......viiiieiiiie ettt e e e e saae e e et e e e s e naaeeean 37
a. Copy NUMDbEr Variation @NalYSES.....ceiiciiiiiiciiee ettt e e e ee e s et e e e e e abe e e s entaeeeennseeas 37
b. STR Structure and COMPOSITION ... .ccciciiiiecciiee ettt ettt e e et e e e e satae e e s sataeeeeeasaeeesnsaeeeeassneenan 40
VIII. Functional sSequeNCe @nNOLAtioN ...ccoccuviiiiiiiiie ittt e s e sre e e e ssabr e e s e beeeessnsnaeeeas 42
A MRINA/EST GNAIYSIS..ctviiiirieeeteeeetee et et e ettt eete e et e eeteeeeteeeeteeeeteeeebeeessseeeeteseasseeeseseesseessesensesesseeenns 42
b. DNase | hypersensitivity @nalySis ......cuuiiiiiiiiiiiiiiie e e e s srae e e e saaeeeeas 43
Lol @ o1 oY= To I T F= 1 1Y PSP 46
d. Replication Phase @nalysis. .......ccuieiieiiie et e ee e et e e e et e e e e b e e e e e nre e e e eenreeas 48
IX. Inaccessible to sequence mapping and assembly by SMRT WGS.........cccoiiiiiiiiieeciiiee e e 50
A. UNresolved hard-StOp MBIONS. .......uiiieiiiee ettt e s ee e e st e e e e s abee e s ssbeeeeenaseeas 50
b. Depletion of high mapping qUality r€ads.......ccccuiiiiiiiiie e 53
C. UNidentified INVEISIONS. ....oiiiieee ettt sttt b e bt st s e este e sbeesaeesaee e 54
X. Chromosome 10q11 BAC-based sequencing using SMRT technology ........ccccceeeveieeeeciieee e, 56
XI. Analysis of heteroChromMatic SEQUENCE.......c.uuiiiieiiee et e et e e et e e et e e e et ae e e esatae e e e nbeeeesnnnaneeeas 59
a. Assessment of heterochromatic CONtENT......cccueiiiii i 62
b. Identification of centromeric and telomeric gap eXtENSIONS........ceiiciviieeiiieeeciree e 63
XIl. Integrity of the CHM1 hydatidiform genome .........ooiciiiii i 68
X111, Databases MESOUICES ....oeuvieteeteeitte ettt ettt ettt et ettt e bt e sateeate et e e ebeesbeesaeesatesabeebeenbeesneesmeeeateensean 71
REFEIEINCES ..ttt a ettt e b e s bt e s bt e s at e et e bt e bt e s be e saeeeabeeabeeabeesbeesaeesabeebeebeenns 72

WWW.NATURE.COM/NATURE | 2



doi:10.1038/nature13907

ATl SUPPLEMENTARY INFORMATION

I. DNA sample preparation and sequencing

DNA was isolated from a well-studied female fibroblast cell line derived from a complete
hydatidiform mole (CHM1htert) provided by Dr. Urvashi Surti (University of Pittsburgh).
Complete hydatidiform moles retain only a single set of homologous chromosomes due to
fertilization of an enucleated egg by a sperm and therefore represent a functionally haploid
equivalent of the human genome lacking allelic variation. CHM1htert fibroblast cells were
harvested at 70-80% confluency (~3x10° cells) and isolated using Gentra Puregene Cell Kit
(P/N: 158767) with eluted DNA stored at 4°C overnight for 2 days to resuspend the DNA pellet.
DNA was isolated and two genomic libraries were prepared for DNA sequencing.

Supplementary Table 1. Sequencing statistics.

Read type Number of reads Read length Total (coverage)
IHlumina, all 1,290,534,230 101 41.5
Illumina, mapped 1,265,426,328 101 40.7
PacBio, all subread 20,865,849 7,307 (mean) 48.6
PacBio, mapped subread 19,571,994 5,860 (mean) 36.6

PacBio: We prepared 20 kbp and 30 kbp DNA fragment libraries, size-selected with the
BluePippin™ system from Sage Science, and sequenced with 3-hour movies using the PacBio
RSII instrument model with P5 polymerase binding and C3 chemistry kits (P5C3). A total of 243
single-molecule, real-time (SMRT) cells were processed yielding 41-fold whole-genome
sequence (WGS) data (supplementary Table 1). All sequence data has been released within the
“short” read archive NCBI GenBank accession SRX533609 and may also be accessed as part of
all the PacBio datasets via this link: http://www.ncbi.nlm.nih.gov/sra/?term=SRP040522. The
location of the raw data is given in Supplementary Table 2.

Supplementary Table 2. Archive of full Hierarchical Data Format PacBio files.

Filename md5sum =ile size (bytes  Size

S3 location

human54» 6a6b0d2f: 62155173270 62G
human54» 10bf53e67 35756668019 36G
human54> d935580d 46577605342 47G
human54> 7efee40d7 64097672121 64G
human54» 5114eef4c 38893223032 39G
human54> 7f4calbek 41470209385 41G
human54» 02eed767| 59379423038 59G
human54» a70f4e81¢ 63369072364 63G
human54> df27fbd1( 55848865706 56G
human54» aa7df770k 50151392273 50G
human54» 76496700 62155173270 62G
human54» d0464604 42360983826 42G
human54> 031b9%ed9 48509498912 48G
human54> f44fdfde0 51035933179 51G
human54» 093fb639¢ 52720291499 53G
human54» 9ba36e62 14606204928 15G
human54» ef5670037 52299318366 52G
human54» 288e8f0at 63342138998 63G

https://s3.amazonaws.com/datasets.pacb.com/2014/Human54x/raw/human54x_set0.tgz
https://s3.amazonaws.com/datasets.pacb.com/2014/Human54x/raw/human54x_set1.tgz
https://s3.amazonaws.com/datasets.pach.com/2014/Human54x/raw/human54x_set2.tgz
https://s3.amazonaws.com/datasets.pacb.com/2014/Human54x/raw/human54x_set3.tgz
https://s3.amazonaws.com/datasets.pacb.com/2014/Human54x/raw/human54x_set4.tgz
https://s3.amazonaws.com/datasets.pacb.com/2014/Human54x/raw/human54x_set5.tgz
https://s3.amazonaws.com/datasets.pach.com/2014/Human54x/raw/human54x_set6.tgz
https://s3.amazonaws.com/datasets.pacb.com/2014/Human54x/raw/human54x_set7.tgz
https://s3.amazonaws.com/datasets.pach.com/2014/Human54x/raw/human54x_set8.tgz
https://s3.amazonaws.com/datasets.pacb.com/2014/Human54x/raw/human54x_set9.tgz
https://s3.amazonaws.com/datasets.pach.com/2014/Human54x/raw/human54x_set10.tgz
https://s3.amazonaws.com/datasets.pacb.com/2014/Human54x/raw/human54x_set11.tgz
https://s3.amazonaws.com/datasets.pacb.com/2014/Human54x/raw/human54x_set12.tgz
https://s3.amazonaws.com/datasets.pacb.com/2014/Human54x/raw/human54x_set13.tgz
https://s3.amazonaws.com/datasets.pacb.com/2014/Human54x/raw/human54x_set14.tgz
https://s3.amazonaws.com/datasets.pacb.com/2014/Human54x/raw/human54x_set15.tgz
https://s3.amazonaws.com/datasets.pach.com/2014/Human54x/raw/human54x_set16.tgz
https://s3.amazonaws.com/datasets.pacb.com/2014/Human54x/raw/human54x_set17.tgz
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Illumina: CHM1htert gDNA was sheared using Covaris S2 with cycling conditions of 10%
Duty cycle, Intensity 4, Cycles/Burst 200, and Time 100s. The sheared DNA was then end-
repaired using NEBNext End Repair Module (P/N: E6050L). Repaired sheared DNA was then
A-tailed and Y-adapters were ligated. The library was size-selected at a range of 450-550 bp then
sequenced using lllumina HiSeq PE-101 to generate ~41-fold sequence coverage.

To better understand the nature of the PacBio sequence data, we compared sequence coverage
differences between CHM1 PacBio and previously released Illumina genomes based on the %
GC content for different portions of the genome. We calculated the mean and variance of
genomic coverage for 30 PCR-free lllumina genomes versus the CHM1 PacBio. The PCR-free
genomes were mapped with BWA MEM while CHM1 PacBio was mapped with BLASR. The
30 PCR-free lllumina samples showed consistently lower coverage in high GC windows while
the PacBio data was much more constant across all windows (Supplementary Figure 1,
Supplementary Figure 2). We noted that the standard deviation of the average coverage across all
GC windows was nearly half for PacBio at 7-fold compared to CHM1 Illumina and the PCR-free
[llumina samples at 12- and 14-fold, respectively. The mean variance of coverage across
[llumina samples was six times that of the CHM1 PacBio data with 6.1- and 0.9-fold
(Supplementary Figure 2). The coverage bias is consistent with past observations in GC biased
prokaryotic resequencing® using PacBio and Illumina sequencing, although the PCR-free
sequencing reduces bias in low GC composition sequences. Thus, the main benefits of the
PacBio reads are increased read length and more uniform coverage across the genome.

WWW.NATURE.COM/NATURE | 4
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Supplementary Figure 1. Mean coverage per sample per GC window across GRCh37 for CHM1 PacBio
(red) and 30 PCR-free Illumina samples (blue).
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Supplementary Figure 2. Mean coverage by GC content in 1 kbp windows across GRCh37 for CHM1
Illumina and PacBio sequence as well as NA12878 PCR-free Illumina sequence.

II. Sequence alignment and assembly

Analysis was performed with GRCh37 as opposed to GRCh38 for three reasons. First, it has
been the most frequently used genome in analyses over the last four years (e.g., ENCODE, 1KG)
and therefore of greatest interest to others in the community. Second, GRCh38 has not been
published and is somewhat experimental due to the merging of HuRef and centromeric models
within centromeric regions. Finally, CHM1 data (largely from sequenced BACs from CHORL17)
have been used to close some gaps in GRCh38. Thus, this would potentially bias our gap-
closure abilities by having part of the CHM1 genome already integrated into the human
assembly.

We aligned 93.8% of CHM1 SMRT sequence data to GRCh37 using BLASR and considered the
effective mapped length as opposed to the total length of sequence reads (Supplementary Figure
3). Alignments to the human reference genome (GRCh37) were performed with the following

WWW.NATURE.COM/NATURE | 6
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options: “-bestn 2 -maxAnchorsPerPosition 100 -advanceExactMatches 10 -affineAlign -
affineOpen 100 -affineExtend 0 -insertion 5 -deletion 5 -extend -maxExtendDropoff 20 -clipping
subread”.

For the purpose of this study, we focus our analysis on the euchromatic regions of the genome.
The presence of larger repeats and satellite sequences? within pericentromeric and subtelomeric
regions precluded the generation of robust local assemblies although it was possible to identify
single molecules extending into these regions and to estimate the relative amount of various
classes of heterochromatic sequence in the dataset (Supplementary Information XI).

In order to integrate SMRT sequence data with standard bioinformatics tools such as SAMtools®
and the Celera® assembler, we developed a custom version of the BLASR program® and
accompanying software (http://www.github.com/EichlerLab/blasr). The modifications include
printing alignments in SAM format with soft clipping based on the coordinates of sequences
between adapters and saving the insertion, deletion, substitution, and merge quality values
typically stored in HDF format as supplementary fields in SAM files. In this manner, all
sequence quality information contained by reads (including soft-clipped bases) is maintained
within a BAM alignment file. This file contains sufficient information to reconstruct reads that
may be used in assembly and consensus calling routines specific to PacBio data, thus allowing
the usage of standard tools operating on BAM files with methods produced by PacBio that
require HDF files. We developed a scripting pipeline to allow the collection of all reads
overlapping putative loci from a BAM and perform a local assembly using correction-free
assembly with Celera®, and then refine the assembly using the Quiver method and the extra
quality values stored in the supplementary fields of the BAM file. The pipeline source code is
available at www.githubcom/EichlerLab/chm1_scripts.

Alignment lengths Subreads High quality bases
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Supplementary Figure 3. Mapped SMRT length and accuracy. Histograms show the length frequency
distribution of SMRT alignments, subreads, and high-quality bases to GRCh37. (left) The alignment
length is determined by the aligned length on the reference. (center) A PacBio read includes one or more
reads over a template sequence on an alternating strand, separated by adapter sequence. Every pass over
the template sequence is a subread. (right) The full read length includes all subreads and adapter
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sequences, although subreads are aligned separately. Low-quality bases are annotated at the beginning
and end of every read and are excluded from the count of high-quality bases. The low-quality bases are
implicitly excluded from the length distributions of alignment length and subread lengths.

We assessed sequence accuracy of our assemblies by comparing to previously sequenced large-
insert BAC clones (CH17) from the same source. We refer to the agreement between the BAC
assemblies and shotgun consensus as concordance rather than accuracy because the differences
are not validated by an orthogonal method. To assess the concordance of the PacBio consensus
sequence against a reference representative of the CHM1 haplotype, we compared the consensus
sequences of regions with sequenced BACs from CHM1' using both Sanger and PacBio
sequencing, using the more accurate P4C2 sequencing chemistry®. Assuming each BAC
sequence to be correct to within at least Q40, we measure sequencing concordance of Q37.5
combined across all regions, as shown in Supplementary Table 3. 73.5% of the errors are
confined to deletions of a nucleotide in homopolymer stretches, and the concordance
disregarding these errors is Q41.9 in the entire dataset, and 46.6 comparing only to the Sanger
assembled BAC:s.

Supplementary Table 3. Estimate of sequence concordance by comparison against previously sequenced

CH17 BACs.

Homopolymer Homopolymer Dinucleotide Dinucleotide
Clone Length Mismatches Insertions Deletions Phred insertions deletions insertions deletions Technology
AC243499.2 199928 0 13 17 38.24 12 17 0 0 Sanger
AC243585.2 193095 0 24 26 35.87 20 24 2 2 Sanger
AC243586.3 221226 0 24 15 37.54 19 14 0 0 Sanger
AC243629.3 232622 0 33 24 36.11 25 24 0 0 Sanger
AC243650.3 239100 0 51 15 35.59 30 14 1 0 Sanger
AC243654.3 227101 3 37 25 35.43 29 24 1 0 Sanger
AC243734.3 209874 0 16 10 39.07 15 10 0 0 Sanger
AC243742.3 216161 2 38 36 34.54 31 34 0 0 Sanger
CH17-09106 194096 0 38 12 35.89 14 7 14 0 PacBio P4/C2
CH17-144M16 208409 0 13 6 40.4 8 5 2 0 PacBio P4/C2
CH17-150B4 214505 0 45 12 35.76 34 6 0 0 PacBio P4/C2
CH17-285M6 229540 1 49 29 34.63 26 14 4 6 PacBio P4/C2
CH17-390G16 191260 1 53 4 35.18 37 4 13 0 PacBio P4/C2
CH17-63L4 193020 0 14 2 40.81 7 2 3 0 PacBio P4/C2
CH17-68114 195068 5 26 17 36.09 21 17 0 0 PacBio P4/C2
CH17-9E4 217217 0 67 23 33.83 46 17 0 0 PacBio P4/C2

I11. Gap closures

a. Gap closure in GRCh37

Because it is possible to assemble larger complex insertions using reads that align to the flanks of
the insertion site, and extend into the insertion, we reasoned it may be possible to use a similar
approach to resolve existing gaps in the genome. We initially identified 164 interstitial gaps in
GRCh37 by eliminating all telomeric, centromeric, and short arm gaps from the UCSC gap
annotation, filtering out gaps that fell completely within an existing GRC patch, and merging
remaining gaps that occurred within 5 kbp of each other. Of these gaps, 141 (86%) did not
already have a fix patch from the GRC within this version of the human genome.

WWW.NATURE.COM/NATURE | 8
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We extended into gaps through a two-part iterative assembly of CHM1 WGS reads mapping to
each edge. For the first iteration, we aligned CHM1 PacBio reads to GRCh37 with BLASR,
selected reads mapping within 10 kbp of each gap edge, assembled reads with the Celera
assembler v8.1, and called consensus sequence with Quiver®. For the second iteration, we
repeated this process using assemblies from the first iteration as the reference. To avoid
incorporating paralogous reads into the second iteration Celera assemblies, we filtered out all
CHM1 reads that had longer alignments to GRCh37 than the first iteration assemblies. From
these two iterations, we identified gaps with overlapping extensions from both edges and
attempted to assemble these gaps with Celera and Quiver using reads mapping to both edges.

Using this approach, we closed 50 gaps and extended into 40 others (60 edges) adding,
respectively, 398 kbp and 721 kbp of novel sequence to GRCh37 (Supplementary Table 4 &
Supplementary Table 5). We also note that 16 of these were completely resolved in the recently
released GRCh38 assembly (Supplemental Information I11b). The remaining 74 gaps without
extensions were significantly enriched for adjacent segmental duplications with 66 (89%)
compared to 17 (19%) of the 90 gaps with closures and extensions (p < 0.0001; Chi squared
value = 236.8 with 1 df). Novel sequence from closures ranged in size from 0 bp—for those
closures that simply provided continuity to existing sequences—to 35,482 bp with a mean
closure of 8,297 +/- 7,150 bp. Similarly, novel sequence provided by gap extensions ranged from
462 to 30,999 bp with a mean of 12,016 +/- 7,609 bp. Of the 90 gaps with closure or extension,
67 (74%) were not spanned by any fosmid or BAC clone.

Supplementary Table 4. Summary of gap closures and extensions.

GRCh37 GRCh38

Category Count Bases added Count Bases added

Interstitial gaps without intersecting GRC patch 164 - 166 -
Closed gaps 50 398,249 31 40,089
Closed gaps with adjacent GRC patches 10 - - -
Closed gaps with spanning BACs 3 - - -
Gaps with extensions (total edges) 40 (60) 720,962 0 0
Gaps without extensions (with dups) 74 (66) - 135(112) -
Gaps with segmental duplications adjacent 82 - 116 -

Total closures and extensions 110 1,119,211 31 40,089

WWW.NATURE.COM/NATURE | 9
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Supplementary Table 5. Status of assemblies for each interstitial gap in GRCh37.

GRC % duplication Duplications Left edge Right edge Total edges Closed by Closed by Closed in
Chr Start End patch Bridged Size dj dj hled hled bled primary dary Closed Gene in gap GRCh38
chrl 177,417 227417 T 50,000 1.00 T i i 0 N
chrl 267,719 317,719 i 50,000 1.00 T i i 0 N
chrl 471,368 521,368 m 50,000 1.00 T m m 0 N
chrl 2,634,220 2,684,220 T 50,000 0.89 T m T 1 N
chrl 3,845,268 3995268 ¥ I 150,000 0.00 N ¥ T 2 N T T
chrl 13,052,998 13,102,993 T 50,000 1.00 T i i 0 N
chrl 13,219,912 13,319,912 i 100,000 1.00 T i i 0 N
chrl 13,557,162 13,607,162 T 50,000 1.00 T m m 0 N
chrl 17,125,658 17,175,658 T 50,000 1.00 T m m 0 N
chrl 28,878,082 30,028,082 I 150,000 0.25 N ¥ T 2 N T T
chrl 103,863,206 103,913,906 T 50,000 0.50 T i T 1 N
chrl 142,731,022 142,781,022 T 50,000 1.00 T i T 1 N
chel 142967761 143,117,761 m 150,000 1.00 T m m 0 N

The majority of the sequence we assembled for gap closures (3 Mbp) and extensions (2 Mbp)
consisted of regions flanking the gap edges that were already present in GRCh37. To evaluate
the quality of our assemblies, we aligned these gap-flanking sequences in the assemblies to the
corresponding sequence in GRCh37 with BLASR and calculated alignment identity. Flanking
sequence from gap closures had a higher overall identity with the reference at 99.1 +/- 1.9%
compared to extensions that had a mean alignment identity of 97.9 +/- 6.3%.

We characterized the content of the novel sequences in our gap assemblies as measured by GC
content, common repeats identified by RepeatMasker®®, tandem repeats identified by Tandem
Repeats Finder'! (TRF), and putative segmental duplications identified by DupMasker'? and
alignment of novel sequences back to GRCh37. To test for enrichment of GC and repeat content
in our novel sequences compared to the human reference, we created a null distribution of
equivalently sized events across GRCh37 and compared our observed means against the null
with permutation tests (n = 100,000).

Gap closure sequences consisted primarily of a high proportion of simple repeats, long tandem
repeats, and extreme GC content. A more detailed examination by dot-matrix analysis showed
clusters of degenerate repeat motifs that were highly related at the sequence level (Figure 1c-d).
Simple repeats represented a significant proportion of gap closures (p < 0.00001) with 28 +/-
22% of gap sequence annotated as simple repeats compared to 2 +/- 3% for the sampled
reference (Figure 1a). Indeed, 39 of the 50 closures (78%) consisted of more than 10% simple
repeats. Correspondingly, closures were highly enriched for long tandem repeats compared to
sampled reference sequences (p < 0.00001) with mean tandem repeats of 706 +/- 1,284 bp
compared to 306 +/- 1115 bp. The most common tandem repeat motifs were AT with 44 kbp
total sequence, GT with 12 kbp, and AC with 7 kbp. While closures were enriched for these
simple repetitive sequences, they were also depleted for LINE/L1s compared to the reference (p
=0.00038) with a mean proportion of 7 +/- 11% in closures compared to 16% +/- 23% in the
reference.

The overall GC content in closures (42.39%) was significantly higher than the rest of the genome
(p = 0.02712) with a bimodal distribution, including a high mode at 48.9 +/- 4.9% and a low
mode at 20.6 +/- 8.6% (Figure 1a). To better understand the cause of the bimodal distribution of

WWW.NATURE.COM/NATURE | 10
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GC content, we delineated four types of regions within our gap assemblies, including reference
flanks already present in GRCh37, novel gap closures, tandem repeats within gap closures, and
non-tandem repeat sequence within gap closures. We calculated GC content in each of these
regions and compared their distributions to the sampled sequences from GRCh37 and the overall
GC content of the reference (Figure 1a). We find that the bimodal distribution of GC content in
gap closures is primarily the result of GC-rich and AT-rich tandem repeats within closures.
When closures are inspected without including tandem repeats, we find overall higher GC (45%;
p < 0.00001) than in the sampled GRCh37 sequences (41%) or the overall GRCh37 content
(41%). The existing reference sequence adjacent to gap closures was similarly enriched for
higher GC content (45%; p < 0.00001) compared to sampled GRCh37 sequences of the same
size. Thus, a complex model emerges for gaps not flanked by segmental duplication of long
tracts of degenerate STR often multiple kilobases in length embedded within GC-rich regions of
the genome.

While gap extensions were also enriched for simple repeats, long tandem repeats, and extreme
GC content, the degree of enrichment was less than that seen in closures. Simple repeats
composed 8 +/- 14% of extension sequences compared to 1 +/- 2% in the reference (p <
0.00001). Only 16 of 60 extensions (27%) consisted of more than 10% simple repeats. Tandem
repeats were also significantly longer in extension sequences at 450 +/- 929 bp compared to 305
+/- 1190 bp in the reference (p = 0.02375). As with closure sequences, the most common tandem
repeats were AT motifs with 16 kbp total sequence, GT with 8 kbp, and AC with 4 kbp. Unlike
closures, extensions only had higher GC content than the reference with 45.75 +/- 9.21%
compared to 43.67 +/- 7.43% (p = 0.01648) and not significantly lower GC content.

In addition to adding novel sequence to GRCh37, gap closures and extensions have the potential
to add previously unidentified segmental duplications or additional copies of known
duplications. We evaluated the potential segmental duplication content of these novel sequences
through alignment against known primate duplication cores with DupMasker as well as
alignment against GRCh37 with MEGABLAST?® (v. 2.2.11) to identify existing regions of the
reference with >90% identity and >1 kbp alignments. We identified putative duplication content
totaling 31 kbp in 17 of 50 (34%) of gap closures and 64 kbp in 22 of 60 (37%) of gap
extensions. On average, closures contained an additional 2 kbp of duplication content while
extensions contained an additional 1 kbp. Based on these results, novel gap sequences provide an
additional 95 kbp of segmental duplications to GRCh37.

Two of 50 (4%) closures and 13 of 60 (22%) extensions had alignments >=1 kbp and >90%
identity to existing regions of GRCh37. One novel closure sequence from chr18:52,044,136-
52,224,136 had a complete alignment at 99.86% identity to the unlocalized contig

chrl8 GL000207_random. Inspection of GRCh38 confirms the localization and the orientation
of this random contig at this region where a gap of 954 bp still remains. The second closure with
a high-identity alignment to GRCh37 is from the gap at chr1:29,863,082-30,043,082 and extends
an existing segmental duplication at chr1:31,129,342-31,131,869 by 1,290 bp. One 2 kbp gap

WWW.NATURE.COM/NATURE | 11



doi:10.1038/nature13907 {2 T\{H; W SUPPLEMENTARY INFORMATION

extension from chrl:142770022-142792023 matches 19 distinct regions of GRCh37, including
two alignments at >99.4% identity to the unplaced contig chrUn_GL000224. Altogether, novel
closure and extension sequences with high-identity alignments to GRCh37 represent 110 kbp of
putative segmental duplications missing from GRCh37, which is consistent with our DupMasker
annotation.

b. Gap closure in GRCh38

To close gaps in GRCh38, we repeated the analysis we performed for GRCh37. We first defined
the set of all gaps that were not telomeric, centromeric, or acrocentric as "interstitial™ gaps using
UCSC's release of GRCh38. We merged all gaps that occurred within 10 kbp of each other
reducing the initial set of 189 interstitial gaps to 172 regions for potential closure. We aligned
PacBio whole-genome sequence from CHM1 to GRCh38 with BLASR and calculated the
coverage and repeat content in 10 kbp adjacent to each gap. Finally, we omitted six regions with
coverage greater than 500-fold whose median coverage was 2,803-fold and which were not
likely to assemble correctly with Celera. We targeted 166 interstitial euchromatic gaps for de
novo assembly.

With this approach, we closed an additional 31 gaps in GRCh38 including 4 closures in
segmental duplications (Supplementary Table 4 and Supplementary Table 6). No gaps were
reduced by a simple extension. The total novel sequence added by these gap assemblies was
dramatically reduced compared to GRCh37 closures with only 40,089 bp total from 27
assemblies. The remaining 4 assemblies provided no additional sequence but instead confirmed
the continuity of the sequences adjacent to the annotated gap in GRCh38. Of the remaining 135
open gaps, 94% mapped to segmental duplications (n=112) or high copy satellite repeat sequence
(n=15)—regions that cannot yet be reliably access by current SMRT sequencing technology
unless a significant increase in read-length. This is reflected in the read-depth for the remaining
open gaps. The median adjacent coverage of PacBio reads for unclosed gaps in segmental
duplications was 25% of the median coverage for closed gaps in duplications. This pattern is
consistent with the fact that fewer high-quality alignments are possible in duplicated regions of
the genome.

Supplementary Table 6. Status of assemblies for each interstitial gap in GRCh38.

Adjacent Region Assembled Assembled Duplicated Closure
Chrom Start End repeat type Reads Bases size (bp) Coverage contigs bases edges status
chrl 287,968 357,968 SINE 186 1,699,747 50,000 24.28 2 48,643 2 open
chrl 525,988 595,988 LTR 89 667,866 50,000 9.54 2 34,003 2 open
chrl 2,692,781 2,756,290 Simple_repeat 401 3,603,846 43,509 56.75 15 119,995 2 open
chrl 12,944,384 13,014,384 SINE 181 1,263,392 50,000 18.05 2 44,526 2 open
chrl 16,789,163 16,859,163 LTR 210 1,559,222 50,000 22.27 2 43,800 2 open
chrl 29,542,233 29,563,835 Simple_repeat 191 1,612,843 1,602 74.66 1 51,387 1 closure
chrl 125,093,213 125,113,233 LTR 215 1,820,511 20 90.93 1 48,401 1 closure
chrl 125,120,246 125,141,847 LINE 173 1,214,822 1,601 56.24 2 42,043 2 open
chrl 125,161,347 125,183,583 Simple_repeat 14,366 128,035,828 2,236  5758.04 N/A N/A 2 open

chrl 223,548,935 223,618,935 Simple_repeat 224 2,029,397 50,000 28.99 1 43,550 0 closure

WWW.NATURE.COM/NATURE | 12



doi:10.1038/nature13907 {2 T\{H; W SUPPLEMENTARY INFORMATION

c. Insertion variants in other genomes.

We assessed what fraction of the PacBio-closed gaps was closed in the recent lllumina-based
whole-genome sequence assembly of the hydatidiform mole (CHM1.1). In no instance were any
of the 50 PacBio-closed gaps fully resolved in CHM1.1, although partial sequence was present
for 16/50 gaps. Similarly, only 14/1,737 (0.7%) of the complex insertions identified using the
PacBio data were present in the Illumina-based assembly (Supplementary Table 7). Comparing to
GRCh38, we find that even less of the insertions are represented (only 5/1,737) and all of these
are also represented in CHM1.1. Thus, 14 of 1737 insertion sequences map to either GRCh38 or
CHML.1, indicating a strong bias against correctly assembling these inserted sequences using
short-read technology and highlighting the new biology enabled by PacBio sequencing.

Supplementary Table 7. Presence of inserted sequences in other human assemblies.

Insertion hg19 GRCh38 CHM1.1
count bases count bases count bases count bases
Complex 1116 2148286 0 0 4 21567 11 36303
STR 406 826962 0 0 0 0 2 2344
VNTR 215 498362 1 1846 1 1846 1 1846

IV. Structural variation detection

a. Variant detection pipeline

We developed a computational pipeline (Extended Data Fig. 1) to discover structural variation—
defined here as changes deletions, duplications, insertions or inversions >50 bp in length. The
pipeline determines variants by comparing local assemblies to the reference and accounts for the
lower per-read accuracy of single-molecule sequencing (SMS) reads by using consensus
sequences of the assemblies that are refined using the Quiver method. To reduce the
computational burden, local assemblies are performed only at putative variant loci rather than
performing assemblies tiling the genome.

Putative structural variant loci are detected as follows: reads are mapped to the reference
allowing up to two alignments (a primary and secondary alignment), and the alignments are
examined for aberrancies: insertions, deletions, and truncations. Insertions and deletions are
referred to as spanned events while truncated alignments (alignments that do not span the length
of an entire read) are referred to as hard-stop events. Clusters of events (two or more) with
overlapping coordinates define putative variant loci. Typically, smaller indels are detected as
spanned events, while larger structural variants are not spanned by alignments and are observed
as a number of truncated alignments that end at approximately the same position on the
reference. Different signatures of clusters of hard-stop events are used to detect larger insertion,
deletion, and inversion structural variants. Inserted sequences are detected as clusters of hard-
stop events involving only the primary or secondary alignments of reads. Deleted sequences
require two separate clusters of hard-stop events with the primary and secondary alignments of
each read present in one cluster and in the same orientation, and large inverted sequences are
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detected in a similar fashion as deleted sequences with the additional requirement that the
primary and secondary alignments must be in opposite orientation. To increase sensitivity of
detecting smaller insertion and deletion events, we generated a consensus sequence of the entire
genome using the Quiver method, which has modest computational requirements relative to
whole-genome de novo assembly. The consensus was mapped back to the genome in 10 kilobase
tiled sequences using BLASR, and insertion and deletion calls were merged with calls based on
the assembly pipeline. To increase sensitivity for detecting smaller inversions, we implemented a
method that searches for secondary alignments fully overlapped by a primary alignment and in
reverse orientation. Reads with such alignments are modified so that the substring of the read
corresponding to the secondary alignment is reverse complemented, and the read is realigned. If
the new alignment has a higher alignment score than the original primary alignment, the
secondary alignment gives the breakpoints of an inversion. A graphical summary of the
structural variation pipeline is given in Extended Data Fig. 1.

The interval coordinates of spanned insertions are defined by chr:(start—delta)-(start+delta),
where chr is the chromosome, start is the position on the reference where an insertion in a read
begins, and delta is a parameter representing the uncertainty in starting position of an insertion
(100 bp). Deleted sequences are defined by chr:start-end, where start is the starting position of
the deleted sequence, and end is the ending position of the deleted sequence in the alignment.
The positions of hard-stop events are defined as the position of the beginning of an alignment if
the position is greater than 500 bases from the start of a read, and the end of an alignment if the
end is greater than 500 bases from the end of the read. If the alignment of a read is truncated by
greater than 500 bases on both ends of a read, there are two hard-stop positions for that read. The

a. b.
Ref GGACGTC-CC-G-CCCGCT Ref GGACGTCCCGCC---CGCT

LEErrer e e R RN R . LT
Qry GGACGTCCCCGGGC-CGCT Qry GGACGTCCCCGGGC-CGCT

a. Before condense-3 b. After condense-3

interval coordinates of a hard-stop event are similar to that of an insertion: chr:(pos-delta)-
(pos+delta).

Supplementary Figure 4. Example of the alignment condensation operation. (a) A pairwise alignment
with gaps interlaced with matches. (b) Three matches: GC, G, and C, starting at the 8" base in the
reference must be shuffled left because they are less than 3 bp in length.

The alignment of some structural variants requires a slight permutation of gap locations to
recover the full-length event. Positions of gaps in alignments are shuffled so that stretches of
matches less than a parameter condense-N bases (N is 20 by default) flanked by gaps are shifted
left until it is adjacent to a match greater than condense bases, or another stretch of matches that
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have been maximally shifted. An example of the gap shifting operation is shown in Error!
eference source not found..

Many of alignments of larger inserted or deleted sequences are broken up into segments of
smaller inserted or deleted sequences. While the condense operation creates alignments that have
suboptimal base pairing, this operation serves to recover longer insertions or deletions from
scattered stretches. This is particularly important in the alignment in the presence of inserted or
deleted simple tandem repeats.

A cluster of reads is defined as all reads with either a spanning or hard-stop event that have
overlapping coordinates of the event and the event is the same (e.qg., insertion, deletion, one-
sided hard-stop, etc.). All insertion intervals with the same chromosome and overlapping
intervals are clustered, and the coordinates of each cluster are defined as the common
chromosome: minimal starting position of the insertion until the maximal value of insertion start
+ insertion length for all alignments in the cluster. The number of reads in each cluster (cluster
size) is compared to the average coverage of all mapped reads. Clusters with coverage fitting the
following criteria are retained as candidate insertions: the cluster size is at least half the average
coverage, not more than 1.5 times the average coverage, and the cluster size and coverage are at
least 5 reads.

Assemblies are generated for all reads overlapping a cluster locus. Because assemblies were
local, the complexities of the sequences assembled were low, and 96% were resolved into a
single contig (98.8% in two), with an average contig length of 24 kbp, although most indels
captured by a variant were less than a 1000 bases'*. A SAM file is generated using SAMtools
view, and then the reads and quality values are converted into both a FASTQ file suitable for
input to the Celera assembler, and a bas.h5 file compatible with the Quiver resequencing pipeline
using a custom program samToBasH5. Assemblies are performed with the Celera assembler
v8.1. Consensus is called by mapping the reads from the bas.h5 file with a minimum mapping
quality of 20 and running Quiver on the resulting alignment files.

Consensus sequences are mapped back to the reference using the same mapping parameters as
original reads, and a set of insertions and deletions is called from the resulting alignments after
performing the condense operation. It is possible that the assembled contigs will overlap on the
reference and multiple alignments may cover the same insertion or deletion event. It is necessary
to remove indel calls overlapping intervals in order to prevent multiple calls of the same event,
but because alignments may vary slightly, the boundaries of the calls may not be the same
between alignments. To remove overlapping deletions, the longest overlapping deletion is
selected. The intervals of insertion and deletion calls are defined as above. Overlapping intervals
are removed when the intervals overlap and the start positions are within 200 bp.
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The sequences of indels are annotated using multiple repeat masking pipelines to maximize
sensitivity. First, sequences are repeat masked with CENSOR* v. 4.2.28 using the human repeat
library and NCBI BLAST to perform alignments. Sequences not masked by Censor are masked
using RepeatMasker v. 3.3.0. Finally, sequences that remain unannotated are masked by TRF v.
4.07b with the options 2 7 7 80 10 20 500 -m -ngs.

b. Detection of mobile element insertions (MEIs) and deletions

All variant calls arise due to one of the following phenomena: a variant is a sequencing artifact
or computational error and, therefore, a false positive; the reference is incomplete or incorrect; or
a variant represents a true polymorphism between the CHM1 sequence and GRCh37. We
compared the insertion and deletion counts of the active mobile elements AluY and L1HS
(Supplementary Figure 5) and found that there is a roughly equivalent representation of insertions
and deletions measured of AluY (p = 0.902, binomial) and LINE/L1HS (p = 0.860).
Furthermore, the 859 AluY insertions is similar to the 987 Alu insertions found for the diploid
NA12878%, and 145 L1HS insertions in CHM1 is similar to the 161 L1 insertions found in the
same study. Many of the insertion events are in highly repetitive regions that are difficult to
validate using PCR or shorter read technology.
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Supplementary Figure 5. MEI comparison of CHM1 and GRCh37. The counts of the active mobile
elements by length, for both inserted and deleted mobile elements, in CHM1 are shown. There
are 1115 insertion and 608 deletion sequences comprising 2.15 Mbp and 0.654 Mbp of the
genome, respectively, that are annotated as containing more than one repeat type. These are
labeled as complex events as they cannot be explained by a simple mechanism of MEI.

c. Inversions

We searched for additional structural variation in the form of inversions by directly detecting
reversals in order from the SMRT sequence reads (Supplementary Figure 6). Because individual
reads span inversions, this offers an accurate method to detect short inversions in regions that
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may be highly repetitive. The breakpoints of inversions are defined by performing a local
assembly of the region where the inversion is detected and finding the optimal inversion in the
local assembly sequence that maximizes the alignment score to GRCh37. There were 34
inversions detected between CHM1 and GRCh37 corresponding to a total of 242 kbp of inverted
sequence with average length 7.1 kbp (Supplementary Table 8 and Supplementary Figure 6). No
genes were interrupted by inversions. We searched for repetitive sequences of at least 50 bp and
80% similarity flanking repeats and found that 24 inversions lacked flanking repeats according to

this definition.
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Supplementary Figure 6. Detection of inversions with single-molecule sequences. SMRT sequence (y-
axis) compared to human reference sequence (x-axis) with dotplots display inversions as reversals
frequently flanked by repeats.
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Supplementary Table 8. Inversions detected by single-molecule sequencing including analysis of repeat
sequences flanking each event.

Flanking repeat

Inversion Called by
Inversion region length Length Identity Annotation Read support Validation type VariationHunter
chrl:26964362-26576655 12,285 3435 85.5 - 15 PacBio
chr1:44055312-44059886 574 - - - 16 PacBio
chrl:187466475- 187466727 252 - - - 13 Mextera
chr2: 139004244 - 139009344 5,100 733 99,8 - 21 PacBio
chr3:44740990-44743238 2,248 228 877 AT, Aln3xl 16 Mextera T
chrd 83847 163-BEE5869% 11,536 - - - 30 PacBio T
chré: 107 168552-107171536 2,984 651 99.5 Alu3xl, Alu3zl 23 PacBio
chré: 130848185-130852295 4.410 - - - 14 Mextera T
chré: 169092968-169095313 2,345 635 986 - 19 PacBio
chr740875375-40880470 1,085 - - - 31 PacBio T
chr?:107058475-107063732 5,257 854 992 A3z, AluSx 12 PacBio
chri:6152089-6158435 6,346 245 a4 6 - 15 PacBio
chr10:47023102-47059582 36,480 - - - 43 MNestera
chr10:67428623-67428757 114 55 o4 6 MERETH, MERETOg 5 Mextera
chr10:75417683-75418339 656 256 a4 9 - 1 MNextera
chr12:12544370-12547110 2,740 70 042 AT, AnTh 18 PacBio
chr14:65842539-65843155 596 - - - 27 Meztera T
chr14:93926006-92926303 305 ull] 833 AlTbll, AluThEal 8 Mextera
chr16:85188713-85189802 1,089 188 84.1 AlTE, AluSx 30 Mextera
chr17:5885441-5887141 1,700 716 977 AluTh, AuTh 16 PacBio
chr21:27374158-27374706 548 - - - 27 Mestera T
chrXl6137046-6138384 1,328 - - - 2 PacBio
chril45547048-45551882 4834 1411 98.5 L1PRECZ, L1PEECZ 19 PacBio
chrd 188869426- 1888778328 8412 1,885 290 L1-2 Cia 99
chr14:106157825-10616668% 8,864 2,187 874 -
chr10:53404575-52410035 5485 1,751 963 L1-2 Cia
chr11:71274107-71274435 328 - - -
chr12:80842171-808461751 12,610 6,036 963 L1
chr12:87229332-87253829 14,497 2,263 972 -
chr16:75238052-75258031 15,975 Q03 937 -
chr3:1871321532-187146604 15,072 4428 977 L1HS
chr5:179060665-179085567 24,553 3358 99 4 -
chril459012184-45%020712 8,528 - - -

d. STR Expansions

The GRCh37 reference contains contracted sequences of short tandem repeats (STRS) mapping
within genes. A total of 2289 genes have at least one STR expansion detected in CHM1, and 222
genes have an STR expansion greater than 1 kbp. Fifteen genes have an insertion inside a UTR,
and two—MUC2 and SAMD1—have an insertion inside a coding sequence exon. A short
insertion in FMRL1 is shown in Supplementary Figure 7 (top) and exhibits the (CGG)9(AGQG)
repeat polymorphism motif demonstrating an accurate reconstruction of the consensus
sequence?®, and a similar well characterized CCCCGG hexanucleotide expansion in C9orf72%7,
Examples of the genomic architectures of genes with STR insertions in intronic and UTR
sequences are shown in Supplementary Figure 9. The expanded STRs have a low but statistically
significant (p < 1x10%%) correlation with recombination rate!® (r2 = 0.23, p < 1x10°%, Pearson
correlation), and human-chimpanzee divergence (r? = 0.23, p < 1x107°, Pearson correlation) in 1
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Mbp bins®, consistent with an increase of divergence near telomeres®®, and a lower and less
significant correlation with G+C biased gene conversion? (r> = 0.07, p = 3.05x10~, Pearson
correlation). The AluY, L1, and HERV, and SVA insertion counts are not significantly different
from their deletion counts.

FMR18034 GCGGGCGGCGGGCCGACGGCGAGCGCGGGCGGCGGCGGTGACGGAGGCGC FTD%?E? GGATGCCGCCTCCTCACTCACCCACTCGCCACCGCCTGCGCCTCCGCCGC

Frrerrrrerrrrerrrrerrrrerr e e e e e e e rrrrrrt FEEEEEET e et e e e e e et e e e e e e e
146993493 GCGGGCGGCGGGCCGACGGCGAGCGCGGGCGGCGGCGGTGACGGAGGCGC 27573407 GGATGCCGCCTCCTCACTCACCCACTCGCCACCGCCTGCGCCTCCGCCGC

8084 CGCTGCCAGGGGGCGTGCGGCAGCGCGGCGGCGGCGGCGGCGGCGGCGGL 5345 CGCGGGCGCAGGCACCGCAACCGCAGCCCCGCCCCGGGCCCGCCCCCGGG
FEErrrrrerrrrerrrrer e e e e e e e et FEEErrrr e e e e e e e e e e e
146993543 CGCTGCCAGGGGGCGTGCGGCAGCGCGGCGGCGGCGGCGGCGGCGGCGGT 27573457 CGCGGGCGCAGGCACCGCAACCGCAGCCCCGCCCCGGGCCCGCCCCCGGG
8134 GGCGGAGGCGGCGGCGGCGGCGGCGGCGGCGGCGGAGGCGGCGGCGGCGG 5395 CCCGCCCCGACCACGCCCCGGCCCCGGCCCCGGCCCCGGCCCCGGCCCCG
[RRRERRERRRE (AERREEN (AR RRRRER RN
146993593 GGCGGAGGCGGC———===========—————————mmm—m - GGCGGCGG 27573507 CCCGCCCCGACCAC
8184 CGGCGGCGGCGGCGGCTGGGCCTCGAGCGCCCGCAGCCCACCTCTCGGGG 5445 GCCCCGGCCCCGGCCCCGGCCCCGGCCCCGGCCCCTAGCGCGCGACTCCT
Frrerrrrerrrrerrrrerrrrerrr e e rer e e rerrrt RERRRRERE RN RN RR RN
146993613 CGGCGGCGGCGGCGGCTGGGCCTCGAGCGCCCGCAGCCCACCTCTCGGGG 27573521 =—====——m———— GCCCCGGCCCCGGCCCCGGCCCCTAGCGCGCGACTCCT
8234 """"‘ffffffTT?f?ffffTf??f?f??f?fff?ff?ffffffff 5495 GAGTTCCAGAGCTTGCTACAGGCTGCGGTTGTTTCCCTCCTTGTTTTCTT
Frerrrrerrrrrrrr e et e e e e e e e
146993663 CTAGCAGGGCTGAAGAGAAGATGCAGGAGCTGCTCE 27573559 GAGTTCCAGAGCTTGCTACAGGCTGCGGTTGTTTCCCTCCTTGTTTTCTT

5545 CTGGTTAATCTTTATCAGGTCTTTTCTTGTTCACCCTCAGCGAGTACTGT

FEEEEEETEE e e b e e e e e e e e e e e e el
27573609 CTGGTTAATCTTTATCAGGTCTTTTCTTGTTCACCCTCAGCGAGTACTGT
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Supplementary Figure 7. Examples of STR insertions in genes. (top, left) An insertion in FMR1
demonstrating a canonical (CGG)9(AGG) insertion?. (top, right) The consensus sequence of the C90rf72
hexanucleotide repeat region. (middle) Insertions in intronic sequences. (bottom) Insertions in UTR
regions of genes.

e. Insertions and deletions inside genes

Of the 15,749 total euchromatic insertions and deletions detected in CHM1, 169 indels mapped
within coding exons or UTRs of 140 genes (Supplementary Table 9). Events were evenly
distributed by type with 92 insertions and 77 deletions and occurred as often in gene UTRs as in
coding exons. Of the 82 indels inside coding exons, 49 (60%) appeared to maintain the reading
frame by adding or removing bases in multiples of three and correspond to expansion and
contraction of variable amino acid repeat motifs associated with environmental interaction genes (e.g.,
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mucins, epidermal differentiation complex, etc.). The genes affected by indels have little in common
functionally based on annotation with DAVID?2, However, these genes are strongly enriched for
repetitive elements (DAVID enrichment score: 8.58). Only 22 of the 92 insertions (24%) were
not identified as repetitive by RepeatMasker or TRF (Supplementary Table 9). Similarly, 19 of
77 deletions (25%) were not annotated as repetitive content. While we only considered structural
variation >=50 bp for the majority of this study, it is worth noting that we discovered an
additional 76 indels that were smaller than 50 bp in 70 distinct genes. These events reflect the
sensitivity of our approach and potentially functional relevance.

We inspected the mutational tolerance of all genes with indels using the Residual Variation
Intolerance Score (RVIS) percentile?® based on the location of indels in genes. As expected,
genes with mutations in coding exons are highly tolerant of mutations while genes with
mutations in UTRs are equally distributed across the tolerance landscape (Supplementary Figure
8). Only four genes with exonic indels have an RVIS percentile less than 25. In the case of the
deletions in CLCN7 and COL6A2, the deletions maintain the identical sequence of the exons that
occurs in the adjacent introns (Supplementary Figure 9). One insertion in SULF2 occurs in the
last half of the gene within a tandem repeat. The other insertion in ADARBL occurs in the introns
for six of eight isoforms.
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Supplementary Figure 8. Mutational tolerance of genes with insertions and deletions grouped by region of
the gene affect. Tolerance of mutations is measured by RVIS percentile where higher percentiles
represent genes with higher tolerance for mutations. As expected, most mutations inside coding exons
occur within genes that are highly tolerant of mutations.
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Supplementary Figure 9. Deletion in the highly conserved exon of CLCN7 maintains frame with
repetitive sequence in the adjacent intron.

Supplementary Table 9. All (>1 bp) CHML1 insertion and deletion events intersecting genes in coding
exons or UTRs. Gene tolerance to mutation is shown by RVIS percentile when available.

Event Eventrepeat Gene Gene hases RVIS
Chr Start End Event type size (bp) content Gene region affected percentile
chrl 788,856 TEE,205 deletion 49 non-repetihve LINC01128 TTE. 49 Tia
chrl 3406919 3406520 msertion 46 repetitive WEGFS TUTE 46 9781
chrl 26,671,495 26,671,546 deletion 51 non-repetitive ATHIL CD3 51 Mis
chrl 33,000,241 322,000,542 msertion 40 repetitive SHIP1 TUTE 40 63.20
chrl  39,875332 32987573271 deletion 39 non-repetitive  KITAAQTS4 CD3 39 Mis
chrl 78,353,599 72,353 659 deletion &0 repetitive NEXIT-A31 TUTE 60 Mis
chrl 73,353,675 78,353 676 msertion 43 repetitive NEXIT-A31 TUTE 43 Mis
chrl 110,231,897 110,231,598 msertion 239 non-repetitive  GSTH1 CD3 239 94 84
chrl 151,815,675 151,815,722 deletion 47 repetitive THEMS TUTE 47 90.84
chrl 152,125,067 152,125,103 deletion 36 non-repetitive BPTI CD3 36 9342
chrl 152,188,537 152,188,538 mnzertion 708 repetitive HEME CD3s 708 PR
chrl 152,185,315 152,150,724 deletion 1,409 repetitive HEME CDs 1,409 s
chrl 152,191,022 152,152,420 deletion 1,358 repetitive HEME CDs 1,358 s
chrl 152,275,350 152,275,251 inzertion 972 repetitive FLG CDs o2 95.9%
chrl 162,838,488 162,835,489 mnzertion 112 repetitive Clort110 UTE 112 50.82
chrl 171,175,513 171,175,554 deletion 81 repetitive FLi0o2 UTE g1 98.61
chrl 178,575,362 179,575,363 inzertion 6,115 repetitive TDEDS CDs 6,115 8528
chrl 200,882,567 200,882,568 mnzertion 6,189 repetitive Clort106 UTE 6,189 s
chrl 201,178,792 201,178,793 inzertion 108 non-repetitive  IGFIN1 CDs 108 95.88
chrl 201,178,526 201,175,036 deletion 110 non-repetitive  IGFIN1 CDs 110 95.88
chrl 201,180,113 201,180,114 inzertion 216 repetitive IGFI1 CDs 216 95.88
chrl 207,250,003 207,250,004 mnzertion 39 repetitive PFEFEZ CDs 39 1576
chrl 213,002,370 213,013,667 deletion 11,2587 repetitive SPATAAS CDs 277 Mis

f. Mappability including structural variants
First, we evaluated the change in sensitivity as the difference in number of mapped sequences.

[llumina sequences from CHM1 were mapped with BWA-MEM to both GRCh37 and the

patched reference. The patched reference contains 9,235,195 bp of novel sequence from closed
or reduced gaps and expanded STRs or ~0.3% of the human genome. We mapped an additional
339,635 reads to the patched reference (excluding alternate haplotypes, chrM, and chrY’) with
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97.46% of reads mapped overall (1,258,390,142 of 1,291,241,795 reads) while 97.41% of reads
mapped to the unpatched GRCh37 (1,258,050,507 of 1,291,442,455 reads). This overall increase
in mappability of 0.05% corresponds to the addition of ~0.3% of new sequence to the genome or
an enrichment of 17%.We also called SNPs on the original GRCh37 reference and the patched
GRCh37 using Freebayes (with --ploidy 1 --min-alternate-fraction 0.8). We identified 9,231
additional SNPs in the patched reference with 2,745,603 compared to 2,736,372 in the original
reference. Of these 9,231 new SNPs in the patched reference, 4,332 (47%) map within novel
sequences >76 bp long.

To gauge specificity of variant calling, we applied methods developed in a thorough study of
variant calling accuracy described at 4. We replicated this analysis by mapping our CHM1
[llumina reads to both GRCh38 and a patched reference containing all inserted sequences. We
found that an additional 510,575 (0.04%) reads mapped to the patched reference versus GRCh38.
We then took advantage of the haploid nature of a complete hydatidiform mole, where no
heterozygous SNPs should be found, to provide an estimate of false positive SNPs. Using the
same analysis as described above, we found 804 heterozygous SNP calls in GRCh37 and 765
(4.9% decrease) in the patched reference. Of the 804 calls, 12 were unique to the patched
reference and 51 unique to GRCh37. It is known that low complexity sequences are a source of
false-positive heterozygous SNP calls in CHM1. Of the 804 false positive calls in GRCh37, 209
(~25%) are in low complexity sequences, while almost all (49 out of 51) of the calls unique to
GRCh37 are in low complexity sequences, indicating that the patched reference decreases false-
positive SNP calls albeit modestly (Supplementary Figure 10).

Patched hg19

Supplementary Figure 10. A Venn diagram of heterozygous calls between the patched reference and
GRCh37. There are 753 shared calls, and the patched reference removes 52 heterozygous calls while
adding 12.

g. Assembly deficiencies

i. Black-tag analysis
To investigate whether the bias towards insertions was due to an incomplete reference or errors
in the assembly, the locations of insertions were compared to positions that had been flagged as
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problematic in GRCh37. For every assembly, the NCBI keeps a record of such annotated clone
assembly problems, a.k.a. “black tags”. The coordinates of black-tag annotations were obtained
from the NCBI

ftp://ftp.ncbi.nlm.nih.gov/pub/grc/human/GRCh37/MISC/annotated _clone_assembly problems
GCF_000001405.25.9ff3. We checked for black tag sites annotated within 100 bp+/- of a mobile
element site (Supplementary Table 10). To check for enrichment, we shuffled an equivalent
number of 200 windows across the genome and counted the number of intersected black-tag
coordinates. We found VNTR, STR, unannotated, SVA, and complex events were the most
enriched.

Supplementary Table 10. Number of "black tags" associated with repeat elements in GRCh37.

Standard-
Repeat Type Count Expected Deviation Enrichment
STR 868 21.97 4.63 182.73
VNTR 280 10.08 3.14 85.96
SVA 59 1.68 1.28 44.78
Unannotated 139 8.77 2.95 44.15
Complex 77 4.07 2.02 36.10
HSAT 10 0.17 0.41 23.98
Alu STR 7 0.42 0.65 10.12
ALR 15 2.27 1.51 8.43
Singleton 6 0.62 0.79 6.81
MER 4 0.43 0.66 5.41
AluS 3 0.4 0.63 4.13
AluY 7 3.12 1.76 2.20
HERV 1 0.21 0.46 1.72
Alu mosaic 2 0.65 0.79 1.71
L1 1 0.39 0.63 0.97
L1P 1 0.47 0.69 0.77
L1IHS 0 0.53 0.72 -0.74

ii. STR length bias of insertion sites

To further examine the possibility that the bias towards insertion is due to an incomplete
reference, we examined the length distribution of STR insertions (CHM1) and deletions
(GRCh37). While the distribution is generally uniform, there is a spike between 170 and 190 bp
in length (Supplementary Figure 11). These sequences are more likely to have an increase of
length of at least 30 bp: i.e., 1,054 out of 6,715 STRs (15.7%) that are expanded occur at loci
annotated to be between 170 and 190 bp, although this represents only 2% of all STR loci in the
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genome. This particular length is not a previously described artifact for assembly and curation of
STRs in the human genome. Nevertheless, we conclude that there has been a bias towards
assembling long STRs into collapsed 170-190 bp sequences because STR insertion sequences are
validated: using raw Sanger reads (98% or 88/90), exist in additional diploid genomes, and have
a sevenfold increase in black tag annotations for this particular length.

STR length in hg19
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Supplementary Figure 11. Length biased STR expansions. (left) A distribution of STR lengths in GRCh37
for STRs less than 400 bp. (right) The length of STR sequences in CHM1 with insertions (black) or
deletions (red).

V. Validation experiments

We performed a series of validation experiments to confirm the sequence and organization of the
gap closures and structural variants predicted by comparison of GRCh37 to CHM1 local SMRT
assemblies. This included comparison against Sanger capillary-based BAC end-sequence data,
Illumina WGS data, and finished sequence from clone libraries (see details for each class of
variant below). For smaller variants such as STRs, for example, we validated 88/90 (97.8%) of
inserts by comparison to fluorescence read-pair data generated from BAC inserts (

Supplementary Table 11). For intermediate-sized variants such as inversions and complex
insertions, we initially sequenced clones with the Illumina Nextera protocol and assembled short
reads with iCAS (Illumina clone assembly system) (ftp://ftp.sanger.ac.uk). We validated larger
structural variants and gap closures primarily by targeted sequencing of large-insert clones (BAC
and fosmid clone) selected based on clone end mappings to GRCh37. Similarly, we selected all
clones that appeared to span an interstitial gap in GRCh37. Wherever possible we used
previously sequenced clones from GenBank for validation (see Supplementary Table 12 for
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complete list). When structural variants were too large or repetitive to be adequately assembled
with short reads, we sequenced the clone inserts with SMRT long reads using P4-C2 chemistry
and assembled reads with HGAP and Quiver. Of the 56 structural variants and gap closures we
attempted to validate, 53 events (95%) were confirmed. Within the primary classes of structural
variation, all inversions, hard-stops, and complex events were validated by resequencing. For
variants consisting of highly repetitive sequence, including STRs, tandem repeats, and gap
closures, all events but one from each class were validated (

Supplementary Table 11). From all targeted sequencing experiments combined we estimate an
overall validation rate of 97% of which only a fraction can be detected by next-generation
sequencing (NGS). A detailed description of the sequenced clones is given in Supplementary
Table 12. In addition to these validations, we also assessed additional deeply sequenced human
genomes from the 1000 Genomes Project (1LKG) to provide evidence that the novel insertion
sequences were present in other human genomes. Depending on the class and size of the
variants, our analyses indicate that there is evidence for 92-99% of these novel sequences or
expansions in additional human genomes.

Supplementary Table 11. Summary of support for structural variants and gaps using BACs.

Event type Selected Validated Illumina PacBio Capillary
Inversions 23 23 10 13 -
Hard-stops 11 11 - 8 3
Complex insertions 4 4 3 1 -
Gaps 3 2 - 2 -

STRs and tandem repeats 107 103 - 15 88
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Supplementary Table 12. Detailed BAC validation list.

Clone BAC validation Validation Assembly
Region Event type Subtype Clone accession Clone location method status status™
chrl:17615396-17618682 complex  insertion CHI17-158G11 chr1:17380035-17771911 Turmina validated G
chr1:24210820-24213064 complex  insertion CHI17-7405 chrl:23995563-24358072 Tutrina validated G
chr10:82972170-82975510 complex  insertion CHI17-284D21 chr10:32830487-83102106 Turmina validated G
chr10:98198734-98200614  complex  insertion CHI17-326121 chrl10:28013380-58422128 PacBio validated G
chr1875721820-75771820 gap closure CHI17-285F12 chrl18:75694520-75965766 TPacBio not validated
chrd: 59739333-59789333 gap closure CH17-271M9 chrd 59798061-585984 180 PacBio skip W
cheI:10738674-10788674 gap closure CH17-258010 chrIl10646088-10878276 PacBio validated G
chrI{77623882-7673882 gap closure CH17-286C8 chrI7528762-7783204 PacBio validated G
chrl:13219912-13319912 gap extension ~ CH17-38B2 PacBio skip F
chrl0:125869472-125919472  gap extension  CHI17-3653G21 PacBio skip T
chr19.7346004-7356004 gap extension  CH17-267HR PacBio skip T
clr2 1:9775437-9825437 gap extension  CH17-302E12 PacBio skip W
chrd: 927464 2-9324642 gap extension  CH17-243C7 PacBio skip F
chr:17530657-17580657 gap extension  CHI17-285E19 PacBio skip F
chré: 170279972-170329972  gap extension  CH17-44E3 PacBio skip T
chri62128589-62173529 gap extension  CH17-255117 PacBio vahdated G
clr7:61460465-615104435 gap extension  CH17-14H4 PacBio skip F
clr¥66863343-66913343 gap extension  CH17-358L14 Sanger skap T
chrl15:22212114-22262114  gap ne extension CH17-8012 chrl15:22153994-22336853 PacBio skip G
chr2: 896304 36-89830436 gap no extension CH17-34122 PacBio skip G
chr10:38818835-3E868835 gap no extension CH17-31003 Sanger skip G
chr1:248681462-248682462  hard-step CHI17-437Nz20 chr20:8087857-82759815 TPacBio skip W
chr10:5292221-5262222 hard-stop  deletion CHI17-256N15 chr10:515%214-5405777 PacBio validated G
chr11:55018038-55060603  hard-step  deletion CH17-358C18 chrl11:548%2455-55109587 PacBio skip F
chr12:8589800-8590800 hard-stop  deletion CHI17-431144 chr12:8487172-8811841 PacBio validated G
chr12:858%300-8550800 hard-step CH17-13G11 chrl12:8475441-8655411 PacBio validated G
chrl15:22242677-22343677  hard-step  near gap CHI17-8012 chrl15:22153994-22336853 TPacBio validated G
chrl15:22342677-22343677  hard-stop  deletion CH17-117D22 chr15:22210115-2249018% PacBio validated F
chrl17:21684054-21685054  hard-step  near gap CHI17-77D5 chrl17:21528266-21758583 PacBio skip T
chr1876124473-76139544  hard-stop CHI17-300G7 chr18:76000838-76267953 PacBio validated G
chr197304351-7305351 hard-step CH17-267HR chrl18:7207115-7505603 PacBio skip T
chr22:23851330-23852330  hard-stop CHI17-429E15 chr22:23664425-23859130 PacBio validated G
clr275998876-T5559876 hard-step CH17-281F7 chr3l115730236-115965151 PacBio skip F, W
chrd 75492246-75453246 hard-stop  near gap CH17-287M22 chrd 75471486-75683129 TPacBio validated G
chr570390142-70351142 hard-stop CHI17-335F20 chr5:69300867-63488133 PacBio skip F, W
chr570390142-70351142 hard-step CHI17-336P3 chr568821376-63182146 PacBio skip W
chr7:142104373-142105373  hard-stop  near gap CH17-%4L21 chr7:141973843-142275609 PacBio skip W
clr 7. 56768923-56769023 hard-stop  deletion CHI17-%8HS% chr15:770%0377-77203114 PacBio skip W
chr®44221701-44316164 hard-step CHI17-206M11 chr®:44106758-44300004 TPacBio skip W
chrl12:9631561-9632561 hard-stop CH17-138H12 chr12:9544671-5853344 Sanger validated G
chrl17:324815453-34816453  hard-step CH17-257H10 chrl17:24740128-34%67022 Sanger validated G

chr17:77492599-77709228

chrl1777629408-77630408  hard-step CH17-251M24 chrl?_gl000204_randem:30427-81027  Janger validated G
chr1:187466259-187466927  inversion CHI17-18M16 Turmina validated G
chr1047020750-47061230  mwersion CH17-351H10 Turmina validated G
chr10:67428466-67428808  inversion CH17-60P13 Tutrina validated G
clr10:75419516-7542010% IVErs10n CH17-77247 Thurrna vahdated G
chrl14:65842142-65843534  inwersion CHI17-106K2 Tutrina validated G
chr14:93925872-93926772  inversion CHI17-269710 Turmina validated G
chr16:85188070-85120447  inwersion CH17-2D1 Tutrina validated G
chr21:27273785-27375082  inwersion CHI17-480C10 Tlutrina validated G
chr3:44740244-44743033 nversion CH17-233K1 Turrina validated G
clré: 1208460321-130854451  inwersion CH17-330F8 Tutrina validated G
chr1:26959293-26981981 inversion CH17-68114 chr1:34493761-34688776 PacBio skip W
chr1:44058931-44060272 inversion CH17-319G7 chrl42879215-44152216 PacBio validated G
chrl12:12543302-12547878  inwersion CHI17-32047 chrl12:12455260-12668518 TPacBio validated G
chr17:5884452-5388092 nversion CH17-2781% chr17:5713803-6000614 PacBio validated G
chr2 138997306-139021388  inversion CH17-215F 1§ chr2 128840363-1325067881 PacBio validated G
chrd: 88847164-88861762 inversion CHI17-144M16 chrd: 886844 14-88852793 PacBio validated G
clré: 107166965-107173118  inwversion CH17-2%8E21 chré 106967566-107245965 PacBio validated G
chré:169091697-169096586  inversion CHI17-24973 chré: 168951727-169217949 PacBio validated G
clr7.107055748-107066461  mwversion CH17-150B4 chr7,106%25375-107142406 PacBio validated G
cle7:40878735-40881087 itrversion CH17-385P4 chr7.106305652-107015733 TPacBio skip W
chr8:6152078-6160622 mversion CHI17-9E4 chr8.5987464-6203774 PacBio validated G
chrI45544532-45554400 inversion CH17-28011 chrd45434062-45679857 PacBio validated G
chrI(-45809535-45831726 inversion CHI17-47016 chril-46684164-46912988 PacBio skip T, W
ched(6136278-6129154 inversion CH17-285M6 PacBio validated €]

* G =good, F =fragmented, T = truncated, W = wrong
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a. Gap validations

We identified 17 BACs that appeared to span gaps from BAC end sequence (BES) mappings to
GRCh37. We acquired sequence for two of the BACs that had previously been assembled from
Sanger sequencing, sequenced the remaining 15 BACs using PacBio P4-C2 chemistry, and
assembled the PacBio sequences with HGAP/Quiver. Of the 17 total BACs, 7 assembled into a
single contig representing the complete insert with three spanning gap closures, one spanning a
gap extension, and three spanning regions without gap extensions. Of the remaining 10 BACs, 4
assembled into truncated versions of the original insert (<=100 kbp of total sequence), 4
assembled into multiple contigs with signatures of collapsed duplications, and 2 did not span the
expected gap region. Indeed, BACs selected for validation of gaps and hard-stop events near
segmental duplications were significantly enriched for truncated assemblies. Of the 32 BACs
selected for validation of gaps or hard-stops, 5 were truncated. Of all 214 CH17 BACs we have
sequenced to date, only 11 have been truncated, including those sequenced for gaps and hard-
stops. This enrichment is significant by Chi-square test (p = 0.0058; Chi-square = 7.605). The
four BACs with collapsed duplications correspond to regions where no gap closure or extension
assemblies could be generated. An example of the alignments of a BAC to a closed gap is shown
in Supplementary Figure 12. Of the three BACs we sequenced that completely spanned a gap,
two confirmed the content of the gap closures with an overall alignment identity of 99.93% and
99.99%, respectively (Supplementary Table 12). The third BAC aligned with the gap closure
assembly at 98.85% identity due to a 699 bp TGG/TGA insert in the closure sequence. Without
this single insertion, the alignment identity between the remaining sequences was 99.99%.

64217 bp at 99.9891% —

Supplementary Figure 12. Validation of a gap closure on chrX by BAC sequencing. The first pairwise
alignment between the de novo local assembly gap closure sequence at the top and the BAC in the middle
shows the concordance between the local assembly and the BAC. The second alignment between the
BAC and GRCh37 sequence at the bottom shows the gap in GRCh37 and the closure of that gap in the
BAC.
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Supplementary Table 13. Gap validation alignments between novel gap sequences and their
corresponding BACs.

Alignment % identity
Gap type Region Validated by  length (bp) % identity (unique events)
closure  chrl8_75716820_ 75776820 CH17-285F12 62,883  98.8523 99.9865
closure  chrX_7618882_7678882 CH17-286C8 64,217  99.9891 99.9922
closure  chrX_10733674_10793674 CH17-258010 57,404  99.9251 99.9268
extension chr6_62128589 62178589  CH17-255117 27,182  99.6912 99.6948

We attempted to determine the potential cause of the five truncations by comparing the sequence
content of the truncated clones and the corresponding sequences present in the CHM1 assembly.
We identified two different patterns of truncations: 1) long (>1 kbp) simple or tandem repeats
with putative toxicity for bacteria and 2) segmental duplications adjacent to centromeric or alpha
satellite repeats. Three of the five BACs overlapped regions that contain >1 kbp simple or
tandem repeats. Two of these three repeat sequences were classified as potential toxins for
bacteria by BTXpred?® while the remaining sequence was a 3 kbp run of simple repeats that was
assembled in GRCh38 by a WI-2 fosmid (AC174061.2). Notably, for the truncated clone CH17-
267H8, we identified a 1,407 bp run of simple repeats in the corresponding gap assembly from
CHM1 WGS that contains six instances of the motif “TTATCACCA”. This sequence is almost
identical to the E. coli DnaA box motif “TTATCCACA” which is known to inhibit replication in
bacteria that contain the same sequence as an insert®®. Although the remaining two truncated
BACs map completely within segmental duplications, the read depth profiles of our PacBio
assemblies do not correspond with known patterns of collapsed segmental duplications. Thus,
these BACs are completely missing DNA from the original insert and their assembled insert
sequences are likely not misassemblies due to high-identity tandem duplications. In addition to
searching for potentially toxic sequences within the expected BAC insert, we investigated the
repeat content at the breakpoints of each truncated BAC alignment against GRCh37 or the
corresponding CHM1 whole genome shotgun gap assembly. Repeats at the breakpoints fell into
the classes of SINE/Alu, LTR/ERVL and ERV1, LINE/L2, and CER satellites. There was no
clear pattern of these repeats at the breakpoints to indicate a mediating mechanism for truncated
inserts.

Although 23 gaps had adjacent patches in GRCh37.p13, not all gaps with patches were closed in
GRCh38 and some gaps without patches were closed in GRCh38. Note CHM1-derived
sequences have already been used to fill gaps within the human reference genome. To
systematically assess how many gap closure regions had already been fixed in GRCh38, mapped
the novel sequences from GRCh37 gap closure assemblies to GRCh38 with BLASR and
identified closures for which at least 99% of the sequence were aligned with >=99% sequence
identity. Of the 48 total non-zero-sized closures, we identified 22 closures (46%) with full-
length, high-identity alignments in GRCh38 with a median identity of 99.8%. Six of these
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regions still have small annotated gaps in GRCh38 while 16 of the 22 have been completely
resolved in GRCh38. Based on this analysis, we anticipated 26 annotated gaps in GRCh38 that
could potentially be closed by our approach. By aligning novel closures from GRCh37 and
GRCh38 to each other, we confirmed that 15 of the 31 GRCh38 closures were also present in the
GRCh37 closures.

Using a unique k-mer analysis, we found evidence of 97.2% of the gap sequences in other human
genome sequence data and, thus, were not an artifact specific to the hydatidiform mole.

b. Presence of novel sequence in additional genomes

To examine whether or not insertion sequences were present in other individuals, we developed
an in silico genotyping assay where we counted the occurrences of 30-base sequences found in
the inserted sequences and not the GRCh37 reference in all reads from high-coverage sequencing
of a diversity panel with 28 individuals sequenced on the lllumina platform and the CHM1
Illumina reads produced in this study. We genotyped the 527 complex events greater than 1 kbp.
Using this approach, we verified that 458 of the 527 genotyped complex insertions as present in
the CHM1 Illumina read dataset and a total of 484 insertions in at least one of the datasets. Of
the 43 sites with no support in the diversity panel genomes, 42 had no coverage in the CHM1
Illumina sequence, indicating a bias against sequencing these regions with this technology. 40%
(218/527) of these events were polymorphic (Extended Data Fig. 3). Figure 2 (bottom) shows
examples of polymorphic repeat mosaics. Many (359/1115) of the mosaic insertions contain the
same mobile element flanking the inserted sequence.

To distinguish between mosaic insertion sequences and incomplete regions of the reference, we
aligned queries generated from the insertion sequence plus 4 kbp 5' and 3' of the insertion site to
the chimpanzee genome (panTro4). A total of 356 of the autosomal insertions were found to
have high identity matches in the panTro4 reference spanning at least 80% of the insertion,
indicating the sequences are either misassemblies in the human genome or sequence
polymorphisms in GRCh37. Examples of these are shown in Extended Data Fig. 3, bottom.
Insertion genotypes that are fixed in the population give additional evidence that the sequences
are deficiencies in the reference rather than private deletions. For the complex events, 67.5%
(309/458) events that may be assessed by Illumina sequencing are fixed in the population based
on our analysis of 28 unrelated PCR-free diploid genomes. Of these, 39% (119/309) also show
partial or complete alignment against.

In order to assess the diversity of novel and complex sequences identified from resequencing of
CHML, we assayed 23 PCR-free Illumina-sequenced genomes (1KG) in addition to Illumina
sequence generated for CHML in a subset of the insertion sequences. In total we assessed 110
gap extensions and closures, 339 STRs, and 98 tandem repeats (547 loci total). The approximate
copy number of each locus and flanking sequence was estimated by mapping reads, subdivided
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into their 36 bp constituents to target loci and their flanks using the mrsFAST?’ read aligner.
Mobile elements (such as LINEs and SINEs) were masked prior to mapping. Each genome was
additionally mapped to the human reference genome (GRCh37) from which a GC-sequencing
bias correction factor was generated in addition to a copy number estimation calibration curve
based on regions of known copy?®. Reads mapping to each loci were finally corrected for GC-
associated sequencing biases and the copy number was estimated in adjacent windows of 100 bp
of unmasked sequence. After masking mobile elements, nine gap extensions and closures were
excluded as they had <100 bp of non-repetitive sequence. We found that the vast majority of
sequences were present in most or all of the individuals assessed, 99.3% (534/538). Of these, an
appreciable fraction were variable in their total copy number among the individuals we assessed;
54.7% (292/534) exhibited a logo ratio >1.0 when compared to an arbitrary reference individual
(see below).

c. STR validations

The sequence of STR insertions was first compared to those of well-characterized loci. We
examined the consensus sequences at STR expansion disorder loci from 31 STR loci and one
VNTR locus with at least 10 repeat units?®. The consensus sequence of 15 of the loci had no
differences from the reference, and the remainder showed polymorphisms with exact expansion
or deletion of the known repeat units. For example, the consensus sequence of the CGG STR
motif in FMR1 contains an exact match to the reference punctuated by an insertion of
(GGC)9GGA (Supplementary Figure 7), consistent with known FMR1 haplotype structure. The
VNTR near INS-IGF2 was divergent from the reference, but with a closely repeated core
structure.

As a second validation approach, we compared the Sanger sequences from BAC end sequencing
of CHM1 (CHORI-17) to the STR consensus sequences of the PacBio-based assemblies. We
found a total of 90 reads with STR insertions at 83 loci, with an average insertion length of
53.56. When these reads were mapped to the consensus sequences of assemblies overlapping
these loci, 88 reads map without indels at the STR sequence. The remaining two show a 14-base
AT insertion. Additionally, although the comparison of consensus sequences to the sequenced
BACs from CHML1 indicate a bias towards errors in dinucleotide repeats, the bias is 13 times
greater towards deletion.

We applied computational genotyping to the STR and VNTR insertion sequences with at least 1
kbp of inserted sequence for a total of 788 sites. Because the inserted sequences are not perfectly
replicated patterns, it is possible to find unique k-mers distinguishing the inserted STR sequences
from the background of the reference sequence. Each STR insertion sequence contained on
average 1582 30-base sequences not represented in the reference. We were able to confirm 463
insertions in the CHM1 sample with Illumina data and 599 in at least one of the 1KG samples.
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Similar to the complex insertions, we find that the STR sequences are also polymorphic in the
population, with 27% (164/599) having at least one sample with the site entirely absent.

d. Fosmid insert validations

We also attempted to validate the expansion of STRs and tandem repeats as seen in CHM1 by
estimating the prevalence of these expansions by sequencing fosmids from individuals of
Japanese (ABC9; NA18956), Nigerian (ABC10; NA19240), Chinese (ABC11; NA18555), and
European American (ABC12; NA12878) descent®®. We identified all STRs and tandem repeats
with at least one completely overlapping fosmid in each sample library. From this set, we
selected eight STRs and 10 tandem repeats based on their presence in coding exons, 5' or 3' UTR
exons, transcribed non-CDS introns, CDS introns, or adjacency to a gene. Note, we could not
recover fosmids from libraries ABC10 and ABC12 for one of the eight STRs that was expanded
near the gene NRXN3. For this STR, we only sequenced fosmids from ABC9 and ABC11. In
addition to the 18 regions expanded in CHML1 relative to GRCh37, we selected fosmids from five
control regions corresponding to STRs in the genes MUC5AC, MUC5B, LPA, FMR1, and the
ALS-linked C9orf72.

We created 2-3 pools per sample with 7-12 fosmids per pool and sequenced one SMRT cell per
pool with PacBio P4-C2 chemistry (see Methods for library prep). We assembled each pool's
SMRT cell with HGAP and Quiver and identified variants using the pipeline resequencing and
assembly pipeline used to produce the structural variant callset in CHM1.

An expansion of STR sequences of similar length as the expansion seen in CHM1 was observed
in all samples at seven out of the eight STR loci, with the last being expanded in CHM1 and
contracted in ABC9 and ABC11 (Supplementary Table 14). Whereas the STR-inserted
sequences stratify populations and likely signify underrepresentation in the GRCh37 reference,
the tandem repeat sequences contained four loci with insertions in all populations, five loci with
both insertions, and either deletions or sequences invariant to the reference. The remaining locus
was not fully contained in any fosmid making estimation of the tandem repeat size impossible.
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Supplementary Table 14. Validation of CHM1 STR expansions in fosmid libraries of four samples.
Insertion/deletion length relative to GRCh37

Repeat ¢lgsest GRCh37 Validated hy
Chr Start End type” gene length CHM1 ABCY ARCI0 ARCI11 ARCI12 fosmids”
chrl 11,582,597 11,583,045 STR. FTCHDZ 448 1,285 1,308 198 1,331 1,276 T
chr1l 76,889 23% 76,889 480 STR MYOTA 241 1,754 1,780 1,825 1,733 1,789 T
chr12 124,923 843 124 924 028 STR NCORZ 185 2,081 2,076 2,054 B30 2,052 T
chr1d 72723 687 79723966 STR NEZT3 279 1412 =240 Hra =70 INIEN N
chr20 61,732,902 61,733,131 STR. HARIB 222 2495 1,751 1,729 2,330 1,946 T
chr22 51,136,125 51,136,228 STR. SHANES 103 274 286 286 287 347 T
chr3 51,743,667 51743874 5TR GEMZ 207 1,468 1,470 1487 1477 HNYA T
chr3 71446057 71,446,280 STR IR 1284 223 196 216 120 INIFN -32 T
chrl 236,878,337 236,882,034 TEF ACTHNZ 1,483 3,697 -1,005 -870 3,074 963 T
chr10 464,160 465,073 TEF DIP2C 955 913 =373 =31 =373 251 T
chrll 411,066 411,434 TEF SIGIER 2,296 3638 20 159 405 INIFN T
chr12 40,878,715 40,881,103 TEF - 9,329 2,388 2,025 1,074 0 0 T
chr17 80,318,330 80,319,993 TEF TEX19 2,284 1,663 a0 a0 a0 343 T
che20 61,985,546 61,285,820 TEF CHENAS 1,223 274 1,209 717 1,125 426 T
cht2l 46,644,454 46,645,561 TEF ADARE] 278 1,107 1,076 992 1,120 1,038 T
cht? 195,514,438 195,515,627 TEF - 9808 1,189 0 -624 IS -1,4%9 I
chrd 1,333,204 1,334,876 TEF - 952 1,672 352 2,091 -248 -1,201 T
che7 100,636,326 100,637,399 TEF - 13,996 1,073 /A /A /A MNiA -

* 8TR. detected by Repeathlasker and tandem repeats detected by Tandem Repeats Finder (TEF)
* One of more fosmids has an STR expansion relative to GRCh37

e. Validation of hard-stops, inversions, and complex insertions

To confirm the structural variants (inversions, hard-stops, and complex) we detected in CHM1
with long reads, we identified BACs spanning structural variants based on BES alignments from
CHM1’s BAC library (CH17) to GRCh37. BACs were initially sequenced with the Nextera-
[llumina protocol (250 bp reads) and short reads were aligned to GRCh37 to confirm the
coordinates from the BES alignments. For a subset of inversion and complex repeat insertion
events, we were able to de novo assemble Illumina reads into sufficiently complete contigs using
ICAS (ftp://ftp.sanger.ac.uk/pub/badger/aw7/icas README) to confirm the events
(Supplementary Table 8). For the remainder of the structural variants, we sequenced BACs with
PacBio technology using the P4-C2 polymerase and chemistry combination and assembled
sequences with HGAP and Quiver. We identified 21 inversions, 11 hard-stops, and 4 complex
events with overlapping CH17 BACs. We validated all inversions with 10 iCAS assemblies and
11 PacBio assemblies (Supplementary Table 8, Extended Data Fig. 4). Additionally, 5 out of 21
inversions (24%) were detected by VariationHunter3! (Supplementary Table 15). We validated all
11 hard-stops with eight PacBio-sequenced BACs and three BACs previously sequenced with
capillary technology. Finally, we confirmed the presence of all three complex events with iCAS
assemblies.
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Supplementary Table 15. High-confidence inversion calls made by VariationHunter.

PacBio
Chr. start end Size #reads score validated
chrl 92131473 92132889 1416 49 2.87755
chr2 72440267 72441365 1098 17 0.58824 N
chr2 131037361 132130290 1092929 13 1.07692 N
chr3 44740921 44742580 1659 27  1.7037 N/A
chr4 88847157 88858902 11745 30 2.1 Y
chré 130847987 130852497 4510 34 1.41177 Y
chr6 167582381 167802060 219679 11 4.36364 Y
chr7 40879129 40880716 1587 27 1.51852 N/A
chrl?2 12544637 12546802 2165 40 1.6 Y
chrl4 65842412 65843616 1204 30 2.56667 N
chrl4 67170261 67171899 1638 13 2.15385 N
chrl6 85188543 85190105 1562 33 3.60606 N
chr21 27373957 27375021 1064 25 1.8 Y
chrX 6136864 6138390 1526 12 1.83333 N

f. Comparison to panTro4

Although certain mobile elements L1P and AluS are no longer active, 236 insertion events were
nonetheless observed in the MEI callset in the CHM1 callset when compared to GRCh37. To
investigate the source of these insertions, we aligned the insertion sequence plus the flanking 4
kbp to the chimpanzee genome® and checked for the presence or absence of a contiguous match
in chimpanzee. We found that 51% (55/108) of the AluS and 56% (72/128) L1P sequences,
respectively, had orthologous matches in the chimpanzee genome. To explain additional L1P and
AluS insertions, we searched for tandem site duplications (TSDs) flanking the insertion site,
reasoning that assembly methods will have difficulty correctly assembling mosaic sequences. We
found that 77 of the AluS sequences showed a TSD flanking the insertion site (34 aligned to
chimpanzee), or that the insertion itself was in tandem with an existing mobile element in the
genome, and similarly 37 for L1P (29 aligned to chimpanzee). We found that an additional 63
L1P sequences were small fragments of L1P sequence inside annotated L1P repeats in the
genome that are incomplete (Supplementary Figure 13). Furthermore, 15 of the events are within
highly ordered tandem arrays of L1P insertions, as shown in Supplementary Figure 13.
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Supplementary Figure 13. Examples of AluS and L1P MEIs. For each panel, the top row (dark blue)
shows the alignment to chimpanzee, the middle bar shows the reference human sequence (light teal) and
inserted sequence (teal), and the bottom rows show the repeat annotation. (top) An insertion of AluS with
TSDs. (middle) An example of a recorded L1P insertion that is a fragment of an existing repeat. (bottom)
An example of a tandem array of L1P elements.

VI. Comparison to other structural variation data sets

We assessed the proportion of novel structural variants from CHM1 SMRT WGS by comparing
all CHM1 variant calls with previously published insertions and deletions detected by array
CGH?32®, the fosmid structural variation sequencing project***, and from the 1KG*2¢, We
required a 50% reciprocal overlap between shared calls. All calls were filtered to exclude events
smaller than 50 bp as well as events mapping within 5 Mbp of a centromere and 150 kbp of the
telomere. The overlap of insertion, deletion, and all calls is shown in Supplementary Figure 14.
Of the 15,749 euchromatic insertions and deletions detected in CHM1, 83% had not been
previously reported. The majority of novel events occurred between 50-300 bp in length
(Supplementary Table 16 and Figure 2). The effect was most pronounced for insertion where
92% of all differences had not been previously reported, in contrast to deletions where 69% of
the events were novel. As expected, the frequency of events decayed exponentially with
increasing structural variant length with two peaks corresponding to Alu and L1 MEI insertions.
A noticeable reduction in novelty is observed at 300 bp likely because of dedicated efforts to
map MEI elements. As the size of events increase, the overlap with previously published calls
drastically increases. Above 2 kbp and 4 kbp, approximately 50% of calls had been observed
previously for deletions and insertions, respectively.
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Supplementary Table 16. Summary of insertions and deletions novel to CHM1 calls and shared between
CHML1 calls and a combined callset from Conrad et al. 2009, 1KG, and Kidd et al. 2010.

Insertions Deletions
CHDMI only Shared CHLM]1 only Shared
% CHM1 % CHMI1 Overall %o
Size range Total events Total hases Total events Total bases only Total events Total bases Total events Total hases only CHMI1 only
100 3,055 213798 33 2,553 98.9 2,230 152,716 406 29,178 84.6 923
200 1,968 282,692 33 4,930 98.4 1,093 154,875 281 39,748 78.5 907
300 224 203,523 47 12,530 946 316 77,449 183 47,061 633 832
400 786 266,918 423 137,808 65.0 223 75,630 707 231,322 24.0 47.2
500 362 162,058 3 2,640 98.4 96 42,358 45 19,967 68.1 90.0
600 300 163,952 7 3,889 977 46 24,894 21 11,560 687 925
700 228 147,862 3 1,925 987 46 29,783 18 11,697 71.9 92.9
300 171 127,692 1 792 994 21 15,485 20 14,5971 512 90.1
200 140 115,005 4 3321 972 23 19,623 6 5,031 793 942
1,000 102 96,306 5 4,817 953 13 12,157 4 3,819 765 927
2,000 572 793,157 18 27,802 96.9 &7 92,879 27 42,915 713 934
3,000 196 473,457 27 68,091 87.9 31 74,381 44 112,238 413 T6.2
4,000 73 249,485 26 90,183 737 5 18,047 30 104,032 14.3 58.2
5,000 34 152,424 34 145,815 50.0 7 31,114 10 45,157 41.2 48.2
6,000 24 131,970 18 97,926 571 10 54,653 11 60,046 476 54.0
7,000 23 143,922 26 162,136 46.9 7 44,597 45 276,260 13.5 257
8,000 12 88,521 10 74,303 54.5 0 0 2 15,401 0.0 50.0
5,000 6 50,335 5 43,114 54.5 0 0 5 42,334 0.0 375
10,000 5 48,220 4 37,574 55.6 0 0 3 28,471 0.0 417
=10,000 15 232,675 12 162,864 55.6 1 11,950 8 116,032 111 44.4
Insertions Deletions Combined
0 e N N
. 4 ) N\
// ) 4 \ \\ \\.
[ \ \ \
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Supplementary Figure 14. Comparison of insertions and deletions with previously published callsets.
Combined datasets from previous studies!>3%32 are compared with callsets from CHML1.

a. [llumina vs. SMRT sensitivity analysis.

We compared the sensitivity of MEI and deletion detection between SMS and next-generation
Illumina sequencing data based on an analysis of 41-fold sequence coverage data generated for
CHML1. The analysis was performed to eliminate the possibility that the difference in sensitivity
(see above) was a platform methodology and not due to the fact that different genomes were
being compared. We compared our deletion and MEI calls with calls from VariationHunter. Of
the 6111 euchromatic deletions >50 bp detected in CHML1 long reads, VariationHunter identified
950 overlapping events (16%; Supplementary Table 17). When we inspect CHM1 deletions in
the size range where VariationHunter is most sensitive (250-10,000 bp), we find 801 of 1845

WWW.NATURE.COM/NATURE | 36



doi:10.1038/nature13907 {2 T\{H; W SUPPLEMENTARY INFORMATION

CHML deletions (43%) are supported. Additionally, VariationHunter supported 584 of the 1155
CHML1 MEI calls (51%) with 549 VariationHunter calls supporting 1016 CHM1 AluY calls
(54%) and 35 supporting 139 CHM1 L1HS calls (25%). Finally, 6 of the 33 inversions detected
in CHM1 long reads were also detected by VariationHunter. This low validation rate likely
reflects the technological limitations of short read data. It is known that methods to detect MEIs
using Hlumina NGS reads avoid making calls for insertions inside existing repetitive regions>=.,
Similarly, all of our inversions validated yet only 6 out of 33 (18%) could be detected by
VariationHunter. Although 39% of our inversions have repeats at the breakpoints, only 1 out of
the 6 inversions detected by VariationHunter (17%) had repeats at the breakpoints.

Supplementary Table 17. Support for deletions and MEIs from CHM1 by VariationHunter.

Event type Selected VariationHunter
Deletions (=50bg) ,111 Q50
Deletions (250-10,000bp) 1,845 a0l
IET: (VH) 1,155 584
Al 1,016 549
L1HS 139 a5

b. [llumina vs. SMRT MEI insertion complexity analysis.

Finally, we performed a site complexity analysis of annotated MEI loci by counting the repeat
composition of the 1 kbp sequences 5' and 3' flanking AluY, L1, and SVA insertions in both the
CHML1 sequencing data and insertion sites from low-coverage sequencing data from the 1KG?.
Density plots of the insertion site complexity are shown in Figure 3b. The repeat content of the
AluY insertions in CHM1 has a mean of 54% versus 48.3% in the 1KG AluY callset and a
cumulative distribution function (CDF) that differs from random intervals with a p-value 0.02
versus the 0.09 in the 1KG callset using the Kolmogorov-Smirnov (KS) test statistic. A more
drastic shift is seen for L1 and SVA insertions, where L1 insertion sites in CHM1 have a repeat
content of 59% in CHM1 and 39% in 1KG, and 76% versus 50% for SVA insertions. The CDFs
for both L1 and SVA insertion site complexity differs between CHM1 and 1KG with p < 2x107°
using the KS test.

VII. Tandem repeat copy number and structure

a. Copy number variation analyses

In order to assess copy number variation of the novel and complex sequences identified from
resequencing of CHM1 for expansion or contraction of repeats, we assayed 23 PCR-free
Illumina-sequenced genomes (1KG) in addition to Illumina sequence generated for CHM1 using
read depth information as an indication of an increase or decrease in copy number of a repeat
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unit?®. In total we assessed 101 gap extensions and closures, 338 STRs, and 97 variable number
tandem repeats (536 loci total) for copy number variation (

Supplementary Table 18). 90% (483/536) of the target loci had sufficient read depth within
Illumina WGS datasets where copy number could be estimated. A subset of sites (n = 50) where
our copy number estimations appeared to fail specifically over the targeted locus compared to
flanking sequence had a significantly increased GC-content distribution compared to sites that
did work (p < 2.2x10716, two-sample t-test). We assessed the remaining 483 regions specifically
to determine if the lengths of these loci varied among the individuals assessed. 54.7% of loci
(264/483) exhibited at least one individual with a log> ratio >1.0 (or <-1.0) when compared to a
reference individual genome selected at random (Supplementary Figure 16).

The approximate copy number of each locus and flanking sequence was estimated by mapping
reads, subdivided into their 36 bp constituents to target loci and their flanks using the mrsFAST
read aligner. Mobile elements (such and LINEs and SINESs) were masked prior to mapping. Each
genome was additionally mapped to GRCh37 from which a GC-sequencing bias correction
factor was generated in addition to a copy number estimation calibration curve based on regions
of known copy number?®. Reads mapping to each locus were finally corrected for GC-associated
sequencing biases. Locus-specific copy number was estimated in adjacent windows of 100 bp of
unmasked sequence using only reads mapping to singly unique nucleotide k-mers (SUNKSs)
specifically tagging the assayed locus. After masking mobile elements, 11 regions were excluded
as they contained <100 bp of non-repetitive sequence.
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Supplementary Figure 15. STR and VNTR variation by read depth. Examples of expanded STR
sequences with variable sequence length in the population. (left column) Self dotplots of the insertion
sequences. (right column) Read depth profiles of 28 diverse genomes.

Supplementary Table 18. Variability of new sequences from CHML1 in expanded repeats and gap closures.

Nlumina hMax delta
Type Analyzed sequenced Variahle (depth)
VITE 97 84 T2 (77 221.1
STER 338 288 183 (63%) 1238
Cap 101 101 9 (9%) 2,207 &
Total 536 483 264 2,552.4
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Supplementary Figure 16. Copy number polymorphism of inserted sequences. Log ratios of the copy
number of targeted gaps, STRs and tandem repeats assessed for copy number from Illumina sequencing
data. Tandem repeats show the most variability amongst individuals while gap extensions and fills show
the least.

b. STR structure and composition

We examined the repeat structures and read depth profiles of computationally genotyped STR
loci to decipher expansion of STR sequences based on the motif of the repeat unit. A common
feature of the STR insertion sequences is repeat motif degeneracy, where the general nucleotide
content of an STR is roughly consistent (e.g., GC rich), but the motif of the repeat unit changes
across the sequence of the STR. An example of mosaic repeats are shown in Supplementary
Figure 15 (left). It is possible for the copy number of different mosaic units within the same STR
locus to expand independently (Supplementary Figure 15, right column). We determined the
conserved core motifs as the longest region of each STR insertion repeated with at least 95%
identity and ranked STR insertion loci according to the difference between the highest and
lowest average read depth across region, as given in Supplementary Table 19. We observe that
16 of the top 20 most polymorphic STR sequences have GC composition less than 10%. In
addition to the maximum copy number difference, we characterized the variance of STR copy
number and found that while a small number of variable sequences are high GC, variable
sequences tend to be low in GC composition, as shown in Supplementary Figure 17. There are
37 loci that have at least a repeat copy number change of at least 10—9 of which are located
within genes (Supplementary Table 19) representing sites of potential genomic instability.
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Supplementary Figure 17. STR variation by sequence composition. The variance of core repeat motifs is
computed using read depth estimates of copy number of the motif with 28 genomes from the 1KG. The
core length is the length of the conserved repeat core in CHM1, and the GC composition is the G+C
fraction of the conserved repeat core in CHM1.
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Supplementary Table 19. STR insertions detected in CHML1 relative to GRCh37.

Read depth Distance
%TH insertion locus fold increase GC fraction Closest gene to gene (bp)
chr20A6548805-469504 10 563089 0.0365 RGN 0
chr2:133029022-133030454 560772 0.2000 - -
chr1:70381814-70383048 51.2535 0.0282 LERCY 0
chr10:109547430-109545115 427467 0.055% - -
chr17:48163459-481645972 351859 00317 TTGAS 0
chr13:40758667-40789933 34,9065 0.0000 LICO0548 0
chr’7:15320355%2-153205434 32.5025 00315 - -
chr3:102024728-102096128 31.01&7 0.0000 - -
chr10:115843779-115845785 30,5442 0.0256 - -
chr13:75354864-75587041 30.5074 0.0340 - -
chr2:89879553-80880613 28.55%4 03968 - -
chrC 105626048- 102635036 267301 0.1045 - -
chrid: 78255712-75256951 247163 0.0292 - -
chr13:68656614-68658141 2420329 0.0444 - -
chr3:15830033-15831348 236522 0.0000 - -
chr2:10532479-1054 15597 23.0725 1.0000 HPCAT 0
chrZ05R072948-58074134 22.8403 00833 - -
chr2lBR160939-851619%4 22.3411 00278 - -
chr 17:54870092-54871761 21,7955 1.0000 C17erfE7 0
chr3 7R255658-78256662 21.0445 0.0208 - -
chr21:10857201-10558674 19,4045 0.3810 - -
chr 18:25435706-254367 17 187461 0.029% - -
che2lFI525105-T 7526823 18.5545 00347 CY5LTER1 144

VIIIL. Functional sequence annotation

a. mRNA/EST analysis

To determine whether there were any previously undescribed exons in our gap closures and
extensions, we selected cDNA transcripts from the RefSeq RNA database corresponding to
genes that are annotated near our gap regions and searched our complete gap assemblies
(including flanking reference sequence and novel gap sequence) for full-length transcript
alignments using GMAP?'.

We identified eight gap closures (16%) and four extensions (7%) with putative additional exons
inside novel sequence (Supplementary Table 20). One gene annotated inside a gap closure
(LINC00887) and one inside extensions (FAM101B) were not previously annotated in those
regions. We considered these to be false positives. The remaining annotations add 20 novel
exons (2,972 bp). In all but two cases, the novel exons were present in all isoforms for the
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annotated gene. Novel exons in the gene TMEM114 were only present in one of five isoforms
and exons in the gene TWIST2 were present in one of two isoforms. Inspection of GRCh38 for
genes with novel exons revealed that all 20 novel exons had been added in GRCh38 although
four of the 10 regions still had gaps in intronic sequence. The novel exon sequence in GRCh38
originated from a combination of fosmids (one ABC7, two ABC12, and one WI2 clones) and
contigs from whole-genome assemblies of Venter (7), ABC12 (3), and RPCI-11 (1).

Supplementary Table 20. Genes annotated inside gap closures and extensions by RefSeq mRNA
alignments with GMAP.

Novel Novel exon Total Novel exons in Annotated Novel exons (Gap closed

(Gap region Gap type GRC patch Gene Isoform exons hases isoforms all isoforms in GRCh37 in GRCh38 in GRCh38
chr17.385626-407627 extension Y FAMIOIE MML_182705 1 273 1 ¥ N N N
chr3:115672290-115742290  closure Y L0887 ME_024480 1 285 1 ¥ N N N
chr16:8621921-8701%21 closure i THEM114 ML 001146336 2 301 5 N T T T
chrX76643692-76713692 closure Y FGF16 ML_003868 1 274 1 T T T T
chr12:109358470-109438470  closure 1 SVOP MM 018711 1 161 1 T T T T
chr5:138772073-138852073  closure 1 ECECR MWL 001077693 4 295 1 T T T N
chr1:248897210-248919211  extension Y LYFD3 ML_001085474 4 528 1 Y Y Y Y
chr2:239791978-239841978  closure 1) TWISTZ ML 001271893 1 441 2 i Y Y i
chr:223786846-223808847  extension 1 CAPNSE ML 001143962 3 319 1 ¥ T T N
chr127174876-7254876 closure Y C1R ML 001733 2 235 1 ¥ T T N
chr2:233588741-234068741  closure 1 INPP5SD ML 001017915 1 a8 2 ¥ T T Y
chr2:2335988741-234068741  closure 1 INPP5SD MML_005541 1 a3 2 ¥ T T Y
chr®:135205557-139227998  extension Y DEFZP4344062 NE_026964 1 242 1 ¥ ¥ ¥ Y

b. DNase I hypersensitivity analysis

To determine whether any biologically relevant regulatory sequences were present in the novel
insertion sequences, we aligned DNase | hypersensitivity sequences to a patched GRCh37 with
gap closure and extension sequences and all STRs that were expanded by at least >1 kbp in
CHML. We aligned DNase | hypersensitivity sequence data for 54 previously described
samples®® (Supplementary Table 21; GEO accessions: GSE29692 and GSE32970) with Bowtie
1.0.0% [--mm -n 3 -v 3 -k 2], filtered out all reads with multiple alignments (MAPQV = 0),
successfully called DNase | hypersensitivity peaks for 44 samples using the Hotspot v4.0 peak
caller‘°. We merged Hotspot peak calls with an FDR < 0.01 from all samples with a SPOT score
> 0.5 (n = 25) to create a set of 1,035,306 DNase | hypersensitivity regions totaling 189,692,280
bp (6% of the genome). Expanded STRs far outnumbered gap closures and extensions with
11,717 STRs compared to 108 non-zero-sized gap closures and extensions. Similarly, STRs
accounted for nearly four times the genomic space with 4,110,971 bp compared to 1,119,211 bp
of gaps. Of the 11,717 STRs, 847 (7%) were larger than 1 kbp and totaled 2,271,379 bp. Of the
108 gaps, 103 (95%) were larger than 1 kbp with a total size of 1,116,238 bp. A total of 2,924
DNase I hypersensitivity sites mapped within STRs corresponding to 575,860 bp while 548 sites
mapped within gap closures totaling 105,140 bp (Supplementary Table 22). Of the 108 non-zero-
sized gap closures and extensions, 88 contained at least one DNase | hypersensitivity peak call
with a median of 4 calls. Of the 27 gap regions that occur within annotated genes, 23 regions
(85%) contained one or more peak calls with a median of 5 calls per region.

To test whether these results reflected an enrichment of DNase | hypersensitivity sites within

STRs or gap sequences, we compared the total bases corresponding to peak calls within the
inserted sequence against a null density distribution created from the rest of the genome. The null
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distribution was created by randomly selecting equivalently sized regions from the genome for
each STR or gap for 1000 iterations. Comparisons with the null were then performed with
permutation tests using 100,000 permutations to calculate an empirical p-value. The observed
density distribution within STRs was significantly higher than expected at 34 bp per region
compared to the simulated mean of 23 bp per region (p < 0.00001; Supplementary Figure 18).
Gaps were also enriched for DNase | hypersensitivity sites compared to the genomic null
distribution with 965 bp per region on average compared to the simulated mean of 687 bp (p =
0.0018).

Supplementary Table 21. Samples and tissues used for DNase | hypersensitivity analysis including GEO
and SRA accessions.

Sample/Tissue GEO accession SRA experiment path SRA experiment SRArun  Read length
A549 GEMT36506 fipiifftp-trace nebinkm nih. govisrafsra-instantreads/ByExp/eral SRIUSEI065/SE3065059  SEI06505% SER231127 36
A549 GEMT36580  fipefiftp-trace nebinlm nih govfsrafsra-instantireads/ByExplera/ SRIUSRI06S/SRI069173  SRI069173 SRR231203 36
A545 GEME1664%  fipdifip-trace nobinkm nih govisralsra-instantreadsByExplera/ SROUERITI00/ERX 100204 SRI100504 SRE.252423 26
A548 GEME1664%  fipdifip-trace nobinkm nih govwisralsra-instantreadsByExplera/ SRIUERITI00/ERI 100204 3RI100504 SRE252424 26
AG04449 GEMT36562  fipdifip-trace nobinkm nih govisralsra-instantreads/ByExplera/ SRIUERI06R/SRI0ER155  3RI065155 SRE231185 26
AGD4449 GSMT36590  fipdifip-trace ncbinlm mh govisralsra-mstantreads/ByExplera/ SRIUSRI068/SRH069183  3RX069183 SRR231213 36
AG04A450 GSMT36514 fp:fiftp-trace nebinlm nh. govisrafsra-mstantireads/ByExp/erafSEZUSRIN6/SRI(069107  SR30659107 SRE231135 36
AGD4450 GEMT36563  fipefiftp-trace nebinkm nih govfsrafsra-instantireads/ByExplsra/ SRIUVSRI06S/SRHE0E9156  SRI069156 SRR231186 36
AGOY309 GSMT36551 ftp:fiftp-trace nebi nlm nih govisrafsra-instant/reads/ByExplera/ SEUSRI069/ERFE065144  SRI069144 SRER231174 36
AGOH3E02 GEMT36616  fipdifip-trace nobinkm nih govisralsra-instantreads/ByExplora/ SROUERI06B/ERHK065208  SRI06520% SRE231241 26
AGDH312 GEMT36531 fipiftp-trace. nobd nlm ndh. govisralsra-instantreads/ByExplera/ SRIUERI06B/ERHE065124  3RI065124 SRE231154 26
AGDH312 GSMT3661%  fipdifip-trace ncbinim mh govisralsra-mstantreads/ByExplera/ SRIUERI06B/SRI065212  3RI065212 SRER231244 36
AG102803 GSMT36598  fipuifip-trace nebinlm mh. govisrafsra-mstantreads/ByExplsra/ SRIUEEI068/SRI069191  3R3065191 SRR231222 36
AG10803 GEMT36633  fipedffip-trace nebinkm nih govisrafsra-instantreads/ByExplera/ SEIUSRII06S/SRI0E5226  SRI069226 SRR231258 36
LAolAF GEMT36505 fip:ifftp-trace nebd nlm nih govisrafsra-instantreadsByExp/era/ SREUSEH069/ER069098  SRH069098 SRE231126 36
AoAF GEMT36583 fip:iftp-trace neb nlm ndh. govfsrafsra-instantreadsByExp/eral SRZUSEX065/ERI065176  SEH0651746 SRE231206 36
BEZ_C GEMT36508 fipoifftp-trace nebd nlm ndh. govsrafsra-instantreadsByExp/eral SREUEEI069/5RE065101  3EXH069101 SRE23112% 36
BEZ_C GEMT36622 fipoifftp-trace nebi nlm ndh. govferafsra-instantreads/ByEap/eral SRIUSEI065/3R065215  3RH068215 SRE231247 36
BI GEMT36518 ftpiiftp-trace. nebynlm wh. gowsrafsra-mstantireads/ByEap/era/SESUSEI06/SRIE0692111 - SRZH0D659111 SEF23113% 36
BI GSMT36518 fp:fiftp-trace nebinlm nh. govlsrafsra-mstantiveads/ByExp/era/SEZUSRI06/SRI069111 - SE30659111 SRE231140 36
BI GEMT365%6 fip:ifftp-trace nebi nlm nih govisrafsra-instantreads/ByExp/sral SRIUSEI065/5RI069189  SEH06918% SERE23121% 36
BI GEMT365%6 fip:ifftp-trace nebd nlm nih govisrafsra-instantreads/ByExp/ara/ SRIUSEXO65/ER06518%  SRH06918% SRE231220 36
Caco-2 GEMT36500 fip:ifftp-trace neb nlm ndh. govfsrafsra-instantreads/ByExp/era/ SREUSEXHO65/ERE065093  SRH068053 SRE231121 36
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Supplementary Table 22. Merged DNase peaks across all samples in STRs or gaps for a patched

GRCh37.

DNase hases
Chr Start End Region type in region
chrl 725,320 725,530 5TR 210
chrl 725,600 725,750 5TR 4
chrl 726,300 726,510 5TR 210
chrl 726,620 726,770 5TR 150
chrl 726,880 T27,290 5TR 410
chrl 727,400 727,570 5TR 170
chrl 727,640 727890 5TR 40
chrl 728,680 728 830 5TR 3
chrl 729,000 729,350 5TR 27
chrl 729,000 729350 5TR 57
chrl 814,060 414,210 5TE 122
chrl 814,220 214,410 5TR 150
chrl 915,760 915,990 5TR 3
chrl 916,280 916,510 3TR. 42
chrl 916,340 916,990 5TR K]
chrl 917,180 917,350 3TR 141
chrl 936,440 936,590 3TR 124
chrl 988,920 985,070 5TR 110
chrl 989,220 985 390 5TR 170
chrl 1,009,100 1,008,390 5TR 78
chrl 1,023,380 1,023 530 3TR 150
chrl 1,026,000 1,026,210 5TE 11
chrl 1,026,660 1,027,010 3TE 22
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Supplementary Figure 18. DNase | hypersensitivity peak distributions. (left) Genomic null distribution of
DNase | hypersensitivity peak density (bp) for gap-sized regions centered around 687 bp per region with
the observed mean density of DNase sites in gaps (965 bp per region) shown by the vertical red line.
(right) Genomic null distribution of DNase | hypersensitivity peak density (bp) for STR-sized regions
centered around 23 bp per region with the observed mean density of DNase sites in STRs (34 bp per
region) shown by the vertical red line.
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c. ChIP-seq analysis

To determine whether any biologically relevant regulatory sequences were present in the
sequences from gap closures and extensions, we also mapped ChlP-seq data from seven different
histone modification markers to a gap-filled version of GRCh37. Because actual gap closure and
extension sequences were always smaller than the estimated gap size in GRCh37, we were able
to replace gap sequence in the reference (Ns) with our new sequence while maintaining the same
coordinate system as GRCh37 by leaving the remaining gap bases in place.

We obtained ChlIP-seq reads for a subset of the ENCODE project corresponding to seven histone
markers and controls (CTCF, H3K27ac, H3K27me3, H3K36me3, H3K4mel, H3K4me3, and
H3K9me3) from eight tissue sources (Supplementary Table 23). We aligned these single-end
reads to our gap-filled reference with BWA aln (v. 0.7.3). For downstream analysis, we used
alignments with mapping quality of 30 or greater from chromosomes 1-22 and X. We called
peaks using MACS (v. 2.0.10 20120605)* with each sample/tissue BAM as a treatment and the
corresponding control BAM for that sample as the control and a quality threshold of 0.01.

Of the 90 distinct gap regions with closures or extensions, 62 contained at least one peak call
with a median of 14 calls (Supplementary Table 24). The median sum of peak calls by gap
region was 4,662 bp. Of the 21 gap regions that occur within annotated genes, 17 regions (81%)
contained one or more peak calls with a median of 16 calls per region. Samples from fetal lung
tissue (AG04450) had the most calls by size in gaps with 156,315 of 656,692 bp (24%) while
embryonic stem cell tissue (hRESCTO) only had 35,440 bp (5%) of all peak calls. The most highly
represented marker inside gaps was H3K4mel with 246,581 bp (38%) closely followed by
H3K9me3 with 223,956 bp (34%). In contrast, CTCF peaks had the least total bases called inside
gaps with 7,436 bp (1%). When we investigated the total bases of peaks called across gaps by
tissue and histone marker, we observed the pattern of strongest signal by tissue or marker was
driven specifically by strong H3K9me3 signal in fetal lung tissue (AG04450) as opposed to an
overall elevated signal in fetal lung tissue for all markers or H3K9me3 in all tissues.
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Supplementary Table 23. Manifest of samples and histone markers used in ChlP-seq analysis of gap
closures and extensions.

Source name Labh experimentid Histone marker Head length Sex
AGD4450 DE15740 H3E dme3 36 I
AGDA450) DE15741 HaE dme3 36 M
AGD4450 DE155%09 input 36 M
AGDA450 DE16029 CTCE 26 M
AGDA450 DE18603 CTCF 36 M
AGD4450 DE21479 H3EZ7ar 36 I
AGDA450) D=21480 H3E 27 me3 36 M
AGD4450 D=21481 H3E 9me3 36 M
AGDA450 DE21482 H3E %me3 36 M
D14 Dz21627 mput 36 M
CD14 DE21707 H3E dme3 36 M
D14 DE22403 HzE4mel 36 M
D14 DE22404 H3E 9me3 36 M
CD14 DE22405 H3E 27 me3 36 M
D14 Dz224086 H3E 26me3 36 M
CD14 DE225%26 H3E27ac 36 M
CDo6 DE21629 input 26 M
D6 DE21715 H3E dme3 36 M
CDa6 DE21716 H3EZ7ar 36 I
CDao6 D=E22593 H3E4mel 36 M
D56 DE22594 H3E2Tme3 36 M
CDa6 DE22585 H3E 26me3 36 M

D56 DE22%00 H=E %me3 36 M
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Supplementary Table 24. Histone modification marker peaks called inside gap closure and extension
sequences with MACS 2 for a variety of different tissues.

Fold -logl0 -logl0 Overlap with
Chr Start End Gap change p-value g-value Tissue Marker gap (bp)
chrd 66,404,656 66454 656 quiver-chrd-66443656-66465657 6852 2047 19917 AG04450  H3K9me3 1,738
chr® 139,166,957 139,216,957 quiver-chr¥-138155897-139177998 50.95 1555 15187 AGO4450  CTCF 352
chrd 139,166,957 139,216,957 quiver-chr®-135205597-139227998 50.95 1555 15187 AGO4450  CTCF 352
chrl? 296,626 396,626 quiver-chr17-285626-307627 4784 14348 14026 fThymus H3Edme3 1,271
chrl? 296,626 396,626 quiver-chr17-385626-407627 4784 14348 14026 fThymus H3E4me3 1,271
chr® 139,166,997 139,216,997 quiver-chr®-139155997-139177998 467 13934 13593 AG04450  CTCF 6586
chr® 139,166,997 139,216,997 quiver-chr®-129205997-139227998 467 13934 13593 AG04450 CTCF 586
chrl? 296,626 396,626 quiver-chrl17-285626-307627 4245 15053 14774 CD14 H3E4me3 1,148
chrl? 296,626 396,626 quiver-chr17-385626-407627 4245 15053 14774 CD14 HZE4me3 1,148
chrd 66,404,656 66454 656 quiver-chrd-66443656-66465657 4222 11214 107.25 AG04450  H3E9me3 1,238
chr13 114,639 948 114,739 948 quiver-chr13-114628%48-11465094% 4033 11571 11245 AG04450  CTCF 401
chr13 114,638 848 114739 848 quiver-chr13-114728%48-11475094% 4033 11571 11245 AGO4450  CTCF 401
chry 167,942 073 168,042,073 quiver-chr6-167931073-167952074 3793 9802 9332 AGD4450  H3KO9me3 1,982
chry 167,942,073 168,042,073 quiver-chr6-168031073-163053074 3793 9802 9332 AGD4450 H3KO9me3 1,982
chr? 50,370,631 50410631 quiver-chr7-50355631-50425631 36.62 1173 111.49 fThymus H3E4mel 2,441
chrl 235,192,211 235,242 211 quiver-chr1-235181211-235203212 3635 9611 9234 AGO4450 H3E27ac 1,703
chrl 235,192,211 235,242 211 quiver-chr1-235231211-235253212 3635 9611 9234 AGO4450 H3IE27ac 1,703
chr® 133,073,060 133,223 060 quiver-chr®-132062060-133084061 359 101.06 9789 AGQ4450  CTCF 632
chr® 133,073,060 133,223 060 quiver-chr®-133212060-133234061 359 10106 97.8% AGQ4450  CTCF 632
che3l 76,653,652 76,703,652 quiver-chrI{-T6643692-T6713652 3574 B65R 8377 hESCTO H3E4dme3 2,069
chrlé 8,636,921 8,686,921 quiver-chrl16-8621521-8701521 3471 BR71 8504 fThymus H3K 27me3 2,896
chr? 50,370,631 50,410,631 quiver-chr7-50355631-50425631 3273 12533 12061 CD56 H3Edmel 3,615
chrl? 296,626 396,626 quiver-chr17-285626-307627 3248 B389 8015 hE3CTD H3E27me3 1,292

d. Replication phase analysis.

The loci of long STR and VNTR sequences were characterized according to whether or not they
were in regions replicated in the early or late phase of cell division. The genome was divided into
1 kbp segments annotated as G1, S1, S2, S3, S4, and G2 by selecting the greatest normalized
Repli-seq signal*? in each segment. The total number of 1 kbp regions in each phase was tallied,
and the phase of each insertion was computed using overlap with 1 kbp bins. The enrichment
score for each insertion class is the number of standard deviations above the expected number of
instances given the classes of all 1 kbp bins as a background distribution. Roughly, G1 and S1
are considered early replicating, and S4 and G2 late. Repli-seq data from 16 tissues
(Supplementary Figure 19) were used. We considered four sets of loci determined by size cutoff:
one control set STR/VNTR of length greater than 100 bp and less than 500 bp, not expanded in
CHML, and then three sets of STR/VNTR expanded in CHM1 having loci with expansions of at
least 500 bp, at least 1 kbp, and at least 4 kbp. Each set was further divided according to whether
or not it is high G, C, or G/C, or high A, T, or A/T, and roughly evenly distributed base
composition (no nucleotide comprises more than 35% of the insertion). The number of loci of
each type is given in Supplementary Table 25.
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Supplementary Table 25. The number of insertions by size cutoff and nucleotide composition.
size cuteff (b

=100, =500 500 1,000 2,000
All 2,467 1,741 554 361
(/i 467 700 292 100
AT 1,000 382 163 60
Even 1,000 443 503 175

GC-rich sequences are early replicating and AT-rich late replicating, consistent with past
observations®. It is known that heterochromatin is characterized by late-replication timing**.
Because of the heterogeneity of enrichment for late replication across samples for the AT-rich
loci for longer insertions (Supplementary Figure 19, top), it is possible these loci may represent
facultative heterochromatin. Supplementary Figure 19 (bottom) demonstrates the replication
timing for all insertion loci across the different nucleotide compositions.
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Fibrobiast Rep2 | | Fibroblast Rep2 | |
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L id 12812 2 Lymphobiastoid 12812
L id 12813 Lymphoblastoid 12813
L id 12878 o Lymphoblastoid 12878 ]
Hela Hela
Hepatocellular carcinoma 2 carcinoma
Umbilical vein R Umbilical vein -2
IMRS0 fibroblast I IMRO0 fibroblast I
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Supﬁlen{entary Figure 19. Repli-seq enrichment and depletion and insertion base composition. (top)
Phase enrichment for insertions by insertion size, and GC, AT, or unbiased (N). (bottom) Enrichment for
insertions without size limitation.

IX. Inaccessible to sequence mapping and assembly by SMRT WGS

a. Unresolved hard-stop regions

We inspected all regions of GRCh37 where there was deficiency of uniquely mapped reads or
there was a cluster of hard-stop events that failed to assemble into a single contig or had an
incomplete alignment to the reference (Supplementary Table 26). The latter events (n = 22
regions) are particularly important because they may represent either errors in the reference
genome or alternative structural configurations for these regions. We identified a total of 22
hard-stop regions that show an incomplete alignment to the reference: 12 within unique regions
and 10 hard-stop events within or adjacent to a segmental duplication representing a 40.4-fold
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enrichment. In addition, we identified 167 regions where the CHM1 assembly was highly
fragmented (3 or more contigs) compared to the reference. Of these, 139 mapped within unique
regions while 28 mapped adjacent or within segmental duplications. Because segmental
duplications are hotspots for structural variation, we anticipate that these events signal the
breakpoints of unresolved or larger more complex structural variants and warrant further
investigation (Supplementary Table 27). Sequencing of large-insert clones corresponding to
these regions showed a complex pattern of common repeats or multiple paralogous segments
mapping to different chromosomes. The validation of a resolved hard-stop event is shown in
Supplementary Figure 20.

Supplementary Table 26. Summary of hard-stop events.
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Category Count
All hard-stops 817
Resolved 569
Adjacent to gap 206
Unresolved, flanking segdup 10
Unresolved, not flanking segdup 12
Adjacent
to seg dup
Chr Start End boundary
chr2 242,843,229 242,853,252 N
chr2 243,035,778 243,043,810 N
chr3 162,495,533 162,512,134 N
chrd 81,117,408 81,133,048 N
chré 79,036,414 79,047,643 N
chrl0 87,115,262 87,121,113 N
chrll 1,928,741 1,936,959 N
chrll 1,951,519 1,969,404 N
chrl2 83,023,122 83,034,039 N
chrl3 114,202,542 114,221,799 N
chrl9 7,029,801 7,064,205 N
chr20 54,103,709 54,123,236 N
chrl 103,785,000 103,785,500 Y
chrl 145,944,000 145,944,500 Y
chrl 223,725,500 223,726,500 Y
chrd 75,493,000 75,493,500 Y
chrb 179,085,500 179,086,000 Y
chrb 70,391,000 70,391,500 Y
chr8 2,329,000 2,329,500 Y
chrl2 9,632,500 9,633,000 Y
chrl6 15,225,500 15,226,000 Y
chrl7 77,630,000 77,630,500 Y

Supplementary Table 27. Unresolved hard-stop events.
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Supplementary Figure 20. Validation of a hard-stop event called by CHM1 long reads by a CH17 BAC
clone spanning the same genomic region of GRCh37. The Miropeats alignment shows the resolved
insertion of approximately 30 kbp in GRCh37 relative to the CHM1-based clone.

b. Depletion of high mapping quality reads

In addition to breaks in coverage detected by hard-stops, we also discovered euchromatic regions
of GRCh37 where the assembly has been resolved, but coverage of SMRT WGS was low or
nonexistent because of an inability to uniquely assign reads, excluding regions corresponding to
deletions. We defined regions as low coverage if they had fewer than five-fold coverage with a
mapping quality greater than 20, but also greater than five-fold coverage of reads with mapping
quality >20 that did not overlap coordinates in our deletion calls, and merged all such regions
that occurred with 1 kbp of each other. We identified 715 regions that matched these parameters
totaling 12.3 Mbp. (Supplementary Table 28). Not surprisingly, 92.3% (660/715) of the regions
are in segmental duplications with an average identity of 99.3+1.3% (median 100% identity)
indicating these are the stretches of exact duplication longer than the lengths of the reads. The
regions greater than 5 kbp, or approximately the average read length, comprise 94.5% of the
regions difficult to map. Note that because some of the reads at the tail end of the distribution of
the exponentially distributed reads lengths may map confidently, there is a low average coverage
of 4.71 of high mapping quality reads in these repetitive regions as shown in Supplementary
Table 29.
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Supplementary Table 28. Classification of regions with fewer than four aligned PacBio WGS reads at
mapping quality greater than 10.

All regions Regions >5 kbp
Category Regions Total size (bp) %o total size Regions Total size (bp) % total size
Total 715 12,377,300 100 252 11,720,100 100
Subtelomeric or centromeric 227 1,164,700 9 42 918,700 8
Euchromatic 488 11,212,600 91 210 10,801,400 92
Segmental duplications 428 7,490,900 61 180 7,135,200 61
Non-duplicated 54 3,720,300 30 30 3,666,200 31

Supplementary Table 29. Inaccessible regions. Regions with low coverage of confidently mapped reads,
but that show a higher coverage of low-confidence mapping reads.

Low map High map
Segdup quality quality

Chrom. Start End Identity coverage coverage
chrl 22700 27000 1.00 5.44 3.77
chrl 47900 57300 1.00 8.34 1.19
chrl 59200 61100 1.00 4.74 2.84
chrl 62900 71400 1.00 6.85 4.05
chrl 102300 104200 0.99 6.26 5.00
chrl 121900 155300 1.00 7.08 5.39
chrl 174600 175900 1.00 5.00 4.46
chrl 266900 267700 1.00 3.88 2.83
chrl 317800 375200 1.00 11.27 4.84
chrl 399700 410800 1.00 6.31 6.86
chrl 432900 447600 1.00 29.01 7.14
chrl 453400 471300 1.00 10.44 3.39
chrl 522100 525300 1.00 7.03 4.31
chrl 600200 610600 1.00 8.25 3.72

c. Unidentified inversions.

Structural variation mediated by very long high identity repeats are likely to be missed by our
analysis. We estimated the number of large inversion events using an orthogonal method of
mapping BAC end sequences derived from CHORI-17 (CHML1 clone library) to GRCh37 (as
described in Kidd, 2008%4). Inversions were detected initially on a per-clone basis by a signature
of improperly oriented read-pairs spanning a genomic region of 100 kbp to 1 Mbp. To identify
high-confidence inversions, we clustered all overlapping inversions from single clones and
required each inversion region to have two or more clones supporting the inversion and at least
50% of the region to have no spanning concordant clones. We identified 11 inversions meeting
these criteria ranging in size from 230,347 bp to 861,276 bp with a median size of 491,287 bp—
three of these larger events were subsequently validated by FISH and or by sequence analysis
(Supplementary Table 30). None of these were detected by PacBio SMRT read analysis. The
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BAC end sequence support for the inversion in chromosome 21 is shown in Supplementary
Figure 21, and the PacBio read support is shown in Supplementary Figure 22.

Supplementary Table 30. Large inversions detected by CH17 BES against GRCh37 and still present in

GRCh38.

Validation Left duplication Right duplication Duplication

Chromosore  Start End Size (bp) nwithod size (hp) size {hp) identity
chrls 30704161 308464386 142,325 BAC 55,897 55,897 0.9a7
chrld 148670984 15441590 575,606 Mextera 72,856 72,856 0992
chrl 15170719 15611138 440,419 BES 12,307 12406 0.958
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Supplementary Figure 21. A region of chromosome 21 that shows BAC end sequencing support for an

inversion.

WWW.NATURE.COM/NATURE | 55



doi:10.1038/nature13907 {2 T\{H; W SUPPLEMENTARY INFORMATION

Seale rate
chrz 1 151950001 152000001 150501 152100001 1 225 ] 235, " |
Alanmens: Big fg n
T

22112 UESC Gones [RefSeq GenBank, CCDS. Ffam, 11hAs & Comparatve Genomics)
I DGsa6TEE

Refeq Genes.
e Geneey Puniications: Sequences IN SCienanc Atities.
Sequences | 1
SHPg Hur IRNAS from GenBank.
Human mRNAS (i
Human ESTs That Have Been Spiced
Spiiced ESTS = g it
0o _ Hear, Reguiatory ) an 7 el lines.
Layered HIK2TAC
 J ENEFENEENFFTESEENAEFNESEFESEEEEEEEREGEEEEEnEE IR - gt e e
o s 1] iz ﬂlw fram ENCODE
Dhiase Custers BB TT I ' RN 1 " { " ' ]
Txn Facior ChiP Trani ChiP-geq (161 Tactons) ENCODE with Factorbook Motifs
3 =
Comman SNPs{133] o s TREETT T RV TRRITRAE T R TR o
1 gronzis o P AENELS 515 0058
enrTI19167973 3 553535 555393553553333533 035
o1 D07510S5 ek ChrMai14125136 T
chr2 85381657
chrd 425005331
©hrd:42963440
9 B6333TED
I -6a507918 ¢
chri BO746158  Weeiesee
Ir2:05305047
42473658
€hrd:43001750
M E633TIE2
Y ES4E1137
2132121879 55508
Repeathiaskerl BN I . " m i Al 1NN B m [Bn L N BEplll) Wm
s

Supplementary Figure 22. A detailed view of the inversion region on chromosome 21 with PacBio read
support. SMRT reads (top black) are concordant with the reference due to the presence of large high-
identity segmental duplications over the inversion breakpoint region (blue shading).

X. Chromosome 10q11 BAC-based sequencing using SMRT technology
From the total 737 euchromatic regions where local assemblies were not possible due to a lack of
uniquely mapping SMRT reads, we selected one 6.5 Mbp region mapping to chromosome
10q11.23 for a more detailed analysis. The region is flanked by large blocks of segmental
duplication (3.8 Mbp) that mediate recurrent deletions and duplications considered an important
risk factor for pediatric intellectual disability and developmental delay*®. Additionally, 74
regions of 10911.23 spanning 1.1 Mbp had no uniquely mapping SMRT reads. To resolve this
complex region of the genome, we applied an alternate clone-based hierarchical approach and
identified a total 126 large-insert BAC clones from the CH17 library spanning the region and
determined their sequence content using a Nextera-Illumina protocol®. Generated reads were
mapped to SUNK positions within the human reference genome (GRCh37; Supplementary Table
31, Supplementary Figure 23) and a minimum tiling path was chosen. We generated contigs
spanning two large clusters of segmental duplications within the 10g11.23 region by performing
PacBio sequencing of 35 BACs from the CH17 library including 2.7 Mbp sequence spanning
“Contig 1” and 0.8 Mbp sequence spanning “Contig 2”.

We compared the sequence content of our 10g11-generated contig with the human reference
build (GRCh37). Briefly, we fragmented our 10g11 contig into 5000 bp fragments, compared
with the human reference build by performing a MEGABLAST, and identified all sequences
with >90% sequence identity across >1000 bp. We defined a region as “allelic” in the human
reference with our 10911 contig as a contiguous stretch of multiple sequence fragments (<10
kbp) with on average >99.8% sequence identity. Within allelic regions, we identified smaller
segments at <99.8% reduced sequence identity. The majority of these reduced-sequence identity
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regions occurred at high copy number portions of our 10q11 contig (Figure 3). If the allelic
region in the reference did not exist or was unclear, we signified it as missing sequence. We also
identified redundant sequence, or regions of the 10g11 contig with multiple allelic reference
regions, and sequence in the incorrect orientation.

The corresponding region in GRCh37 maps to the coordinates chr10:46,046,104-49,580,948
(Contig 1) to chr10:50,894,586-52,618,800 (Contig 2). Comparing the two haplotypes shows
~635 kbp of sequence with <99.8% sequence identity and 171 kbp with <99.6% sequence
identity. The new CHM1 BAC assembly added 416 kbp missing reference sequence, corrected
the orientation of 416 kbp of sequence, and eliminated 856 kbp of redundant sequence when
compared to GRCh37.

Supplementary Table 31. Sequenced BAC clones mapping to the human 10g11.23 region.
BAC-end mapping GRCh37 SMRT

BAC Clone

coordinates

sequenced

CH17-375124
CHT7-218d12
CH17-181D03%
CHT7-15114
CH17-224B12
CH17-224412
CH17-14713
CH17-346CH
CH17-3461%
CH17-176P13
CH17-161F5
CHT7-213012
CH17-214P 16
CH17-206414
CH17-357HT
CH17-64H14
CH17-384K12
CH17-322G23
CH17-360D5
CHT7-23016
CHT7-24T15
CH17-1131L15
CH17-1011

chr10:45964552-46183482
chr10:45962510-46185%41
chr10:45969575-46172803
chr10:45574435-46209155
chr10:45974435-46 172939
chr10:45991585-46193355
chr10:46045540-46271714
chr10:46112673-46313326
chr10:46112686-46513311
chr10:46112736-46318432
chr10:46141583-46368350
chr10:46146670-46568350
chr10:46209184-46405915
chr10:46231314-5133235%3
chr1046254870-51633148
chr 1046 2865328-01572377
chr10:4651%136-46722081
chr10:46570068-46754 266
chr10:46574451-47047351
chr10:46586405-46586553
chr10:46589158-46512515
chr10:46589900-46812520
chr10465920758-46812515

1o
o
o
o
o
no
Ves
o
1o
1o
o
o
Ves
Ves
no
Ves
VES
1o

Ves
ile)

yes
ile)
ne
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Supplementary Figure 23. Nextera mapping of 10g11.23 BACs. Nextera-lllumina sequence reads of
CH17 BAC clones spanning the human 10911.23 region mapped to SUNK positions within the GRCh37

human reference.
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We evaluated the contiguity and quality of the 10g11 assembly with concordant alignments of
clone ends from the CH17 BAC library and the ABC10 and ABC12 fosmid libraries. We
measured the contiguity of the 10g11 assembly compared to the corresponding region of
GRCh37 (chr10:46046104-52618800) by calculating the total bases covered by concordant
alignments from CH17, ABC10, and ABC12 libraries. The 10911 assembly had high coverage of
its 5,265,575 bp from all three libraries with 97.6% coverage from CH17 alignments, 98.9%
from ABC10, 98.4% from ABC12, and 99.6% from all three combined. In contrast, the
corresponding region of GRCh37 had 76.4% coverage from CH17, 86.0% from ABC10, 83.2%
from ABC12, and 90.3% from all three combined. The overall identity of concordant alignments
from each library was calculated by summing all concordantly aligned bases with phred quality
>30 and dividing by total bases with the same high quality. Concordant mappings were required
to have >=99.8% alignment identity with the 10911 assembly to be included in the identity
calculation. Additionally, we calculated the insert size distribution of concordant end mappings
for all libraries to confirm whether these distributions match the expected ranges for BAC and
fosmid libraries. The identity of high-quality concordant CH17 BES alignments was 99.97%
(182,407 aligned / 182,454 total bp) and the insert size was distributed around a mean of 212,895
+/- 18,256 bp. These results support the general construction of the 10911 supercontig at the
scale of BACs. The fosmid end mappings from ABC10 and ABC12 similarly supported the
structure of the assembly. ABC10’s concordant alignments had an identity of 99.93% (1,472,629
aligned / 1,473,641 total bp) and an insert size of 41,088 +/- 1,794 bp. ABC12’s concordant
alignments had an identity of 99.94% (1,424,489 aligned / 1,425,285 total bp) and an insert size
of 39,845 +/- 1,148 bp. The difference in alignment identities between the BAC end and fosmid
end alignments is consistent with allelic differences between individuals of the same species.

XI. Analysis of heterochromatic sequence

We were unable to accurately map and assemble reads to most of the heterochromatin and
immediate subtelomeric regions of the genome. While the two order of magnitude gain of read
length of PacBio reads relative to other sequencing technologies enables resolution of many
complex regions, the read lengths are unfortunately still too short to assemble centromeric and
pericentromeric regions. When we analyze these regions in the human genome (either GRCh38
or GRCh37), we discover pileups of reads followed by deserts where relatively few reads place
(Supplementary Figure 24 a-d). A similar effect is observed near subtelomeric regions. This
stems from the fact that reads cannot be uniquely assigned within large tracts of paralogy
creating both collapses and deficiencies within pericentromeric duplications and centromeric
satellites. In fact, the higher the copy number the fewer reads that can be assigned (e.g.,
acrocentric vs. pericentromeric) and the greater the variance (compare coverage and variance
between euchromatin and heterochromatin) (Supplementary Figure 25, Supplementary Table 32.
Any attempt to assemble these regions would lead to an erroneous sequence representation due
to uneven sequence coverage. Therefore, it is currently impossible to properly assemble these
regions with an effectively mapped average read length of 5.6 kbp. While sophisticated
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computational analysis may eventually make assembly of such regions tractable, the more
fundamental advance requires read-lengths of hundreds of kbp to assemble to high quality.
Thus, the only way such regions can be currently assessed is hierarchical-based sequencing of
large insert clones as we have demonstrated for the pericentromeric region of 10q.
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Supplementary Figure 24. Example coverage of CHM1 PacBio reads aligned to centromeric and
telomeric regions (GRCh38). A horizontal line is shown at 50-fold coverage and maximum coverage
displayed is 500-fold. Regions shown include a) chrlp subtelomeric, b) chr4dq subtelomeric, ¢) chrl0q
subtelomeric, and d) chr21 acrocentric.
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Supplementary Figure 25. GRCh38 coverage by region. Mean coverage per region for heterochromatic
regions of GRCh38 including acrocentric, centromeric, pericentromeric, subtelomeric, two secondary
constrictions at 1921 and 16q12, and random euchromatic regions of the same size.
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Supplementary Table 32. Coverage for heterochromatic regions of GRCh38 and random euchromatic
regions of the same size. Shown are mean and standard deviation of coverage along with total bases per
region.

Coverage Coverage
Genomic region type (mean)  (stdev) Total bases

euchromatic 44 3 18,788,745,898
acrocentric 10 14 590,982,334
centromeric 34 17 3,401,825,202
pericentromeric 39 16 9,004,960,610
secondary constriction 50 8 1,075,064,277
subtelomeric 28 18 193,149,913

Although heterochromatic regions remain intransigent to assembly, we attempted to determine
whether more data could be extracted from the SMRT reads because of their length and the fact
that are not clonally propagated. To this end, we performed an assessment of heterochromatic
sequence content in CHM1 PacBio reads and identified the longest possible extensions of single
reads into telomeric and centromeric regions of the genome.

a. Assessment of heterochromatic content

We estimated the proportion of heterochromatic repeat sequences present in the CHM1 PacBio
data with two complementary approaches. In the first approach, we mapped all CHM1 PacBio
reads to GRCh38—GRCh38 differs from GRCh37 due to the addition of centromeric sequence
models that contain representative higher-order repeat sequences. We calculated the total
sequence mapping to annotated satellites. Of the 157.5 Gbp of aligned bases, 3.0 Gbp (1.9%)
mapped within satellites (Supplementary Table 33).Since not all satellite sequences are likely to
be represented in the current reference, we also considered all reads that did not map to the
human reference. Here, we applied RepeatMasker to all unmapped PacBio reads. Of the 4.6 Gbp
of unmapped reads, 0.2 Gbp (4%) were classified as centromeric satellites. With both approaches
combined, we analyzed 21,664,612 reads totaling 162.1 Gbp of sequence of which 3.2 Gbp (2%)
were identified as satellites. Interestingly, the majority of satellite bases identified by mapping
(93%) were alpha satellites while the majority of masked unmapped bases (95%) corresponded
to HSATIII satellites.
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Supplementary Table 33. Total satellite bases in PacBio reads identified by RepeatMasker and alignment
to GRCh38. Satellites are summarized by repeat class and type.

GRCh3s Masked unmapped Total repeat

Hepeat class Repeat type mapped hases  hases hases

Satellitefcentr ATERS/Alpha 2,765,974 426 6,694 344 2,772,669,270
Satellite (GAATGn® 10,154 050 112,655,744 122,349,754
Satellite (CATTCin® 6,743,708 50,105,934 56,249,642
Satellite SATR 37,939,356 493,139 38452485
Satellite SATE 34,126,005 55,755 34,151,804
Satellite BEE/Beta 33568142 274,117 33842259
Satellite SATRZ 16,566,599 14,754 16,581,353
Satellite CEER 13,912,997 19,515 13,932 512
Satellitefcentr 33T 13,463,062 33,714 13,496,776
Satellite/telo REP522 8,162,555 6,392 8,168,847
Satellitefcentr HEATY 8,141,102 3412 8,144,514
Satellitefcentr G3AT 6,336,685 5,235 6,341,520
Satellitefcentr GEATH 6,111,345 6,576 6,117,524
Satellitefacr o ACEO] 3270412 35,976 3,306,388
Satelliteftelo TAER]1 3,279,281 15,244 3,294 525
Satellite HEATI 3,166,096 95,859 3,261,855
Satellite LISE] 2,960,373 2,135 2,962 508
Satellite/centr FSATH 2,918,277 6,442 2524715
Satellite L3aT 1,740,052 33,539 1,773,581
Satellite D2031s 1,746,107 145 1,746,252
Satellite HEATS 1,333 346 338 1,333,685
Satellite HSATIP 0 1,184,727 1,184,757
Satellite HEATS 159,170 336 159,506
Satellite SUETEL sa 0 5,554 5,554
Total satellite bases 2,981,413,14% 171,745 481 3,153,162,630
Total read bases 157,509,834 616 4579912785 162,089.747,401
FProportion satellites 0019 0.038 0019

*HZATI iz annotated by Bepeathasker as (CATTCn and (GAATIn
Y HSATI is not annotated by Eepeathlasker in TTCEC"'s GECh3E release

b. Identification of centromeric and telomeric gap extensions

To discover sequence that extends into heterochromatic gaps, we performed a secondary analysis
where we analyzed the boundaries of each region by searching specifically for reads that mapped
to the adjacent gap sequence of each centromere or telomere (GRCh37). To select reads capable
of extending into the centromere, but that were confidently mapped to transition regions, we
masked regions covered more than 120X within 10 kbp of the boundary of the p or g side of
centromeres and telomeres, and identified the longest aligned read such that the clipped bases
extend furthest into the centromere. These sequences were then subsequently masked with
RepeatMasker 3.3.0. We identified a total of 755,465 bases extended into the gaps placed for
centromeric and telomeric regions of the genome, of which 359,900 (47%) were annotated by
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RepeatMasker to contain satellite sequence. The details of the extension for every locus are
given in Supplementary Table 34.

Supplementary Table 34. Details of extensions into centromeres and telomeres using read overlap.

Centromere, p

Extension
Length Chr. Start End Major repeat Repeat bases Anchor length
18034 chrl 121479503 121483918 ALR/Alpha 18704 5096
3271 chr2 90544290 90544442 AluSq 149 154
10715 chr3 90494275 90504849 ALR/Alpha 19795 10828
22905 chr4 49659267 49659709 (GAATG)Nn 823 495
12254 chrb 46390313 46405640 ALR/Alpha 15056 15708
20396 chr6 58773564 58779467 ALR/Alpha 20121 5739
14056 chr7 58051419 58053819 ALR/Alpha 7176 2597
3357 chr9 47316748 47316990 AluSg 247 215
15048 chr10 39152002 39153107 (GAATG)Nn 2851 1221
13641 chrll 51590354 51594201 ALR/Alpha 17889 4521
15695 chr12 34849617 34856722 ALR/Alpha 12794 7355

This analysis suggests different models for centromeric and subtelomeric organization as
indicated below (Supplementary Figure 26). This includes organization of subtelomeric and
telomeric associated repeats and the presence of higher-order repeat structures. So while these
data provide some insight into the structure and organization, single-pass SMRT sequence
cannot be reliably used to define high quality sequence of these regions (e.g., 15% error). We
could not, for example, validate these extensions using the GRCh38 reference because of a lack
of 1-1 correspondence between sequences at the boundaries of centromeres. Out of 41
sequences adjacent to centromeres, only 1p, 2p, 24, 69, 99, 22q, and Xq contained matches of at
least 80% in length and 90% identity. Nevertheless, these sequence extension represent an
important anchor point for further investigation and provide a glimpse of the organization of
these difficult regions of the genome. We have created a database of sequences corresponding to
these telomeric and centromeric regions and added it as a resource to the paper.
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Supplementary Figure 26. Structure of novel sequence from CHM1 PacBio reads extending into telomeric
gaps shown by self-self dotplots of single reads. The amount of sequence anchored to the reference at the
edge of the gap is shown on the x-axis by the solid green bar. Repeat content is annotated inline. Regions
shown include a) chr8q, b) chrl2q, c) chrl4q, and d) chr21q.
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Supplementary Figure 27. Structure of novel sequence from CHM1 PacBio reads extending into
centromeric gaps shown by self-self dotplots of single reads. The amount of sequence anchored
to the reference at the edge of the gap is shown on the x-axis by the solid green bar. Repeat
content is annotated inline. Regions shown include a) chr6p, b) chrl8p, c) chrl9p, and d) chr21p.

XII. Integrity of the CHM1 hydatidiform genome
It is possible that the propagation of the hydatidiform mole sample may give rise to structural
variants affecting sequences such as the STR/VNTR, and mobile element mosaic (complex)
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sequences we found to be inserted in the CHM1 sample. To confirm the CHM1 resource is free
of artifacts that would confound variant discovery, we screened for the existence of the inserted
sequences in other genomes. To this end, we developed a computational screen that searches 30-
base substrings (30-mers) unique to the inserted sequences, and checks for their presence of
reads in genomes from diverse populations®® containing these 30-mers. Importantly the reads
from the diverse genome are not from cell lines. This analysis supports the following results:

- 484 out of 527 genotyped complex insertions show evidence of presence in other genomes.

- 599 out of 788 STR insertions were confirmed in other individuals. We have added additional
detail in the main text to make this clearer.

- All gap sequences are detected in other individuals.

This comparison is only valid to sequence contexts accessible to Illumina technology and
therefore biased against regions of high %GC composition. As a control for this effect, we
repeated the analysis limiting to regions that were accessible in an lllumina dataset generated for
CHML (not PCR-free). Of the 458 complex insertions accessible by Illumina, 457 are confirmed
in at least one other individual, and similarly of the 463 STR insertions accessible by Illumina,
462 are confirmed in at least one other individual. Thus, 99.8% of the sequences accessible to
Illumina sequencing confirm insertion events.

It is valuable to compare other human genomes sequenced by PacBio to check for the presence
of structural variants in CHM1. The NA12878 dataset was downloaded from
ftp://ftp.1000genomes.ebi.ac.uk/voll/ftp/technical/working/20131209 nal2878 pacbio/Schadt/f
astg/. We mapped the NA12878 reads to both GRCh37 as well as a patched reference that
incorporates both gap and STR and VNTR sequences (GRCh37.patched). All sequences of gap
closures are supported by SMRT reads from NA12878, with minimum coverage of 9.39 (average
22.0, sd 20.9). A random sample of 60 1-kbp intervals across the genome has average coverage
of 20.4 with a standard deviation of 7.0. The coverage of all gap, STR, and VNTR sequences is
more variable, with an average of 7 and standard deviation of 10.8, excluding 12 regions with
coverage over 200X (Supplementary Figure 28). Because of the nature of the variable length of
STR and VNTR sequences, the coverage is expected to have a wider range. A total of 1388 out
of 1833 of the insertions detected in CHM1 show average coverage greater than 5 reads in
NA12878. Thus, ~76% of the insertions are confirmed in a second “diploid” genome sequenced
using this technology.
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Supplementary Figure 28. NA12878 PacBio read coverage in regions of the patched reference. (left)
Average coverage across all gaps. (middle) Coverage in 100 random intervals. (right) Coverage in STR
regions.

As a final check of the integrity of the CHM1 genome, we searched for the presence of large
deletions since these are the most common source of cell-line artifacts that occur as a result of
cell line propagation. Specifically, we mapped lllumina reads from CHM1 sequenced at
University of Washington and all PCR-free genomes from Illumina (29 genomes) to GRCh37
with mrsFAST, called CNVs in all samples with a digital genomic comparative hybridization
(dCGH) algorithm, and determined the proportion of bi-allelic deletions shared by all samples.
For all deletion events, we required 1500 unique (non-repeatmasked) basepairs. We identified
110 deletions in CHM1 of which 104 (95%) were shared with at least one other diploid genome.
On average all 29 PCR-free samples shared 97% of their deletion calls with at least one other
sample (Supplementary Figure 28). CHM1 had 6 private deletions while the PCR-free genomes
ranged from 0 to 9 private deletions with a median of 4. These results suggest that CHM1’s
genomic content is consistent with other gold standard genomes even when it is sequenced with
a less robust sequencing protocol.
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Supplementary Figure 29. Proportion of CNV calls (bi-allelic deletions) shared by CHM1 and 29 PCR-
free Illumina sequenced genomes. CHM1 was sequenced at University of Washington and the standard
genomes were sequenced by Illumina with the PCR-free protocol. The proportion of shared calls for

CHML1 is consistent with other non-hydatidiform genomes.

XIII. Databases resources
All data from these analyses are available online at the CHM1 Structural Variation website

(http://eichlerlab.gs.washington.edu/publications/chm1-structural-variation/). This website
includes a patched GRCh37 with inserted STR expansions and gap closures from CHML1 along
with BED annotations for the positions of all novel sequences and a track hub that can be viewed

through the UCSC Genome Browser.

Whole-genome sequence (WGS) data is available through the NCBI Sequence Read Archive
(SRA). PacBio WGS for CHML1 is available with the SRA accession SRX533609. Illumina
WGS for CHML1 is available with the SRA accession SRX652547. All clones sequenced for this
project are available through accessions listed in Supplementary Table 35.
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Supplementary Table 35. Data accession IDs for sequenced BAC and fosmid clones.

Clone Chromosome  Accession Group

CH17-12K8 chrl0 AC255392 10g11

CH17-147J3 chr10 AC255501 10q11

CH17-149018 chrl0 AC255486 10g11

CH17-15315 chr10 AC255411 10q11

CH17-177L7 chrl0 AC255415 10g11

CH17-177M15 chr10 AC255509 10q11

CH17-183A9  chrl0 AC255437 10911

CH17-183B22 chrl10 AC255376 10q11

CH17-214E8 chr10 AC255427 10911

CH17-214P16 chr10 AC255529 10q11

CH17-224H23 chrl10 AC255478 10911

CH17-24216 chr10 AC255549 10q11

CH17-24J18 chr10 AC255527 10911

CH17-287A3  chrl0 AC255470 10911

CH17-306A14 chr10 AC255540 10911
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