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Speculation

* Genome-wide chromatin interaction data
sets might provide long-range information
about the grouping and linear organization
of sequences along entire chromosomes.

> LACHESIS (ligating adjacent chromatin
enables scaffolding in situ)
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Overview

* Create shotgun assemblies (ALLPATH-LG)
= Align Hi-C reads to assemblies
= LACHESIS

— Stepl: Cluster contigs or scaffolds into
chromosome groups

— Step2: Order contigs or scaffolds within
chromosome groups

— Step3: Orient contigs or scaffolds
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Chromosome-scale assembly of mammalian genomes

Table 1 Metrics for LACHESIS-based scaffolding of shotgun assemblies

De novo assemblies

Metric Human Mouse Drosophila
Shotgun assembly metrics

Total assembly length, including gaps (Mb) 2,739 2,370 127
Number of contigs or scaffolds 18,921 25,964 7,109
N50 contig or ungapped scaffold size (Kb) 437 224 68
Clustering

% sequence (% contigs) clustered into groups 98.2 (71.5) 98.0 (87.8) 81.2 (64.3)
% clustered sequence (% contigs) mis-clustered 0.14 (1.4) 0.24 (0.5) 3.4 (10.5)
Ordering

% clustered sequence (% contigs) ordered 94.4 (55.3) 86.7 (42.7) 82.0 (24.5)
% ordered sequence (% contigs) w/ordering errors 0.5 (0.8) 0.5(1.1) 4.6 (5.2)
% ordered sequence (% contigs) w/orientation errors 1.2 (2.5) 1.9 (4.6) 4.1 (6.1)
High-quality predictions

% ordered sequence (% contigs) w/high quality 92.8 (79.0) 93.3 (82.9) 94.1 (88.1)
% high-quality sequence (% contigs) w/ordering errors 0.3 (0.4) 0.3 (0.7) 3.3(3.4)
% high-quality sequence (% contigs) w/orientation errors 0.4 (0.5) 0.5 (1.0) 2.5 (2.7)

The human and mouse shotgun assemblies are based on read-pairs from short-insert and ~2.5 Kb jumping
libraries, whereas the Drosophila shotgun assembly is based solely on read-pairs from short-insert libraries®.

The human and mouse shotgun assemblies consist of scaffolds, whereas the Drosophila shotgun assembly consists of

contigs. LACHESIS places scaffolds or contigs into groups and then orders and orients them within each group.

An ordering error means that a contig or scaffold’s position is out of the expected order with respect to its neighbors.

An orientation error means that its orientation is not the orientation implied by its position with respect to its immedi-

ate predecessor. ‘High-quality predictions’ refers to a subset of contigs or scaffolds whose position and orientation in

their ordering is deemed more certain; the threshold for high quality is chosen for convenience for each assembly. 16
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Clustering and ordering mammalian sequences with
LACHESIS — human genome
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LACHESIS ordering of scaffolds in a de novo human assembly

Lyon Lab

b c d e f g h
/ /1 /150 /
g 150 /150 0
150 . 100 100
o 100 100 b * _
chrt ch2 g 7 3 so| 7 cha so{ 7  cws s0{ 7 cwe 50 chrz 0 chrg
n=579 S0 n = 583 n =600 /" n=59 \. n =532 /" n=484 n=4a11 n =416
249Mb 243Mb 4 ). 198Mb 4|/ 191 Mb ol \ 181Md ]/ 171Mb ¢ 159Mb 146 Mb
O PP © L LELH S &P R S S S PSSP R SR R R SR R L SR
J k I m n 0 p
1 12
25 120 S /80 / 60
b 90 e / 76 /60 P
75 75 p 40
50 60 /s 50 "// 50 v//, 40 y //' 40 //’
chr9 chr10 30 chr11 / ¢chr12 25 chr13 4 chrid  oq chri5 20 chr16
n=301 25{ n =348 , n=377 25{, /° n=381 n=227 201 n=234 n=180 n=146
141Mb o |/ 136Mb |/ 135Mb o |7\ 134 Mb 0 / 15Mb o |/ 107Mb 103Mb 90 Mb
° f °C & & R I °S & & P & P P PSSP P PSS R A
r S 7 u v
& 60 75 oy 75
Jehr17 n =51
h=164 © - y 50 asmp  2° 50
81 Mb /" chrig ~"¢chr19 chr22 chr20 chrX chrX
20 o aenm 2 n =152 n=70 29 n=128 _— 101 7 p210s 25 n = 433
ol/ 78Mb 59 Mb 51 Mb 0 63Mb ol/ 155Mb o |, 155 Mb
OP PSS OP PSSP O P © SPHP PP O R ® & PH® P e © & P&
WOR

True position on chromosome (Mb)

Lyon Lab Journal Clubs

18



Cold
Spring Dominant
Harbor

Sequence length in grouped scaffolds  Sequence length in ordered scaffolds

Laborator chrom(s) Total Percent aligning to... Total Percent aligning to...
L Dominant  Other None L Dominant Other None
chrom(s) chroms chrom(s) chroms
3a chr1 210.9 99.9% 0.01% 0.07% | 202.6 100% - -
3b chr2 224.4 99.9% 0.02% 0.05% 216.8 100% - -
3c chr3 190.6 99.3% 0.6% 0.02% 182.8 99.3% 0.7% -
3d chr4 181.0 99.98% 0.01% 0.01% 173.6 100% - -
3e chrb 170.5 99.9% 0.01% 0.09% 162.1 100% - -
3f chré 164.9 99.2% 0.8% 0.02% 156.8 99.2% 0.8% -
3g chr7 143.9 99.8% 0.03% 0.18% 134.8 100% - -
3h chr8 136.7 99.8% 0.15% 0.01% 131.3 99.9% 0.1% -
3i chr9 106.7 99.9% 0.03% 0.09% 101.0 100% - -
3j chr10 125.9 99.6% 0.3% 0.09% 119.8 99.8% 0.2% -
3k chr11 125.7 99.9% 0.01% 0.10% 118.3 99.99% 0.01% -
3l chr12 126.0 99.9% 0.1% 0.04% 119.8 99.9% 0.1% -
3m chr13 93.9 99.96% 0.007%  0.03% 92.2 100% - -
3n chr14 84.8 99.7% 0.2% 0.05% 81.4 99.8% 0.2% -
3o chr15 75.5 99.8% 0.01% 0.2% 71.0 100% - -
3p chr16 68.3 99.6% 0.06% 0.3% 64.3 100% - -
3q chr17 734 99.7% 0.1% 0.2% 65.9 100% - -
3r chr18 724 99.95% 0.02% 0.04% 70.8 100% - -
3s chr19,chr22 | 828 99.9% 0.1% 0.03% 679  57.6%,42.4% - -
3t chr20, chr21 91.2 99.8% 0.2% 0.01% 88.0 63.2%, 36.6% 0.2% -
3u chrX 36.7 99.9% 0.03% 0.05% 34.8 100% - -
3v chrX 104.5 99.5% 0.01% 0.4% 90.9 100% - -
Supp. chr16 6.5 23.5% 47.6% 29.0% 23 42.8% 542%  3.0%
Figure
4w

19
Supplementary Table 2 | Contents of LACHESIS" orderings in the human de novo assembly (Figure 3).
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Chromosome-scale assembly of mammalian genomes

Table 1 Metrics for LACHESIS-based scaffolding of shotgun assemblies

De novo assemblies

Metric Human Mouse Drosophila
Shotgun assembly metrics

Total assembly length, including gaps (Mb) 2,739 2,370 127
Number of contigs or scaffolds 18,921 25,964 7,109
N50 contig or ungapped scaffold size (Kb) 437 224 68
Clustering

% sequence (% contigs) clustered into groups 98.2 (71.5) 98.0 (87.8) 81.2 (64.3)
% clustered sequence (% contigs) mis-clustered 0.14 (1.4) 0.24 (0.5) 3.4 (10.5)
Ordering

% clustered sequence (% contigs) ordered 94.4 (55.3) 86.7 (42.7) 82.0 (24.5)
% ordered sequence (% contigs) w/ordering errors 0.5 (0.8) 0.5(1.1) 4.6 (5.2)
% ordered sequence (% contigs) w/orientation errors 1.2 (2.5) 1.9 (4.6) 4.1 (6.1)
High-quality predictions

% ordered sequence (% contigs) w/high quality 92.8 (79.0) 93.3 (82.9) 94.1 (88.1)
% high-quality sequence (% contigs) w/ordering errors 0.3 (0.4) 0.3 (0.7) 3.3(3.4)
% high-quality sequence (% contigs) w/orientation errors 0.4 (0.5) 0.5 (1.0) 2.5 (2.7)

The human and mouse shotgun assemblies are based on read-pairs from short-insert and ~2.5 Kb jumping
libraries, whereas the Drosophila shotgun assembly is based solely on read-pairs from short-insert libraries®.

The human and mouse shotgun assemblies consist of scaffolds, whereas the Drosophila shotgun assembly consists of

contigs. LACHESIS places scaffolds or contigs into groups and then orders and orients them within each group.

An ordering error means that a contig or scaffold’s position is out of the expected order with respect to its neighbors.

An orientation error means that its orientation is not the orientation implied by its position with respect to its immedi-

ate predecessor. ‘High-quality predictions’ refers to a subset of contigs or scaffolds whose position and orientation in

their ordering is deemed more certain; the threshold for high quality is chosen for convenience for each assembly. 21
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Clustering and ordering mammalian sequences with
LACHESIS — human genome chromosome 1
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Supplementary Figure S | Scaffolds associated with ordering errors tend to be shorter than correctly
ordered scaffolds. A histogram of the lengths of all scaffolds in the de novo human assembly which
LACHESIS places in orderings and which map to the human reference. Scaffolds marked with ordering
errors are shown in red; all other scaffolds are shown in blue. For clarity, six scaffolds of length >250 Kbp

(none of which have ordering errors) are not shown. 23
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Supplementary Figure 6 | Example of LACHESIS assembly errors due to long-range chromatin

interactions. Shown are three heatmaps of the density of Hi-C links between scaffolds of the de novo human
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Robustness to contig size and Hi-C data quality

Table 2: Metrics for LACHESIS-based scaffolding of simulated assemblies

Simulated contig size

Metric
10 Kb
Number of contigs 309,579
% sequence clustered into groups 30.1
% clustered sequence mis-clustered 1.6
% clustered sequence ordered 48.5
% ordered sequence w/ordering errors 37.2
% ordered sequence w/orientation errors 44.8

20 Kb
154,794
74.2
0.47
79.9
18.0

28.7

50 Kb
61,927
91.9
0.41
98.9
4.4

7.7

100 Kb
30,970
92.7
0.46
99.8
2.2

2.6

200 Kb
15,489
92.9
0.66
99.97
1.4

1.2

500 Kb
6,206
93.1
0.66
99.93
0.8

0.8

1 Mb
3,113
93.4
0.26
99.98
0.8

0.7

Simulated assemblies were created by breaking up the human reference genome into simulated contigs of varying sizes, and then using LACHESIS
to cluster, order and orient the simulated contigs. The simulated contigs' expected order and orientation are derived from their true position in the

reference genome. Ordering and orientation errors are defined as in Table 1.
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Supplementary Figure 10 | LACHESIS clustering results on simulated 100 Kb contigs of the human

reference genome. The human genome was split into simulated 100 Kb contigs and LACHESIS was used to
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Supplementary Figure 12 | Using Hi-C to detect interchromosomal rearrangements in HeLa with high

sensitivity. In the top left half of each image, blue horizontal lines represent outlying stretches of link scores
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Supplementary Figure 13 | Difficulty of calling the number of chromosomes from Hi-C link data alone.
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Possible solutions:

* Ordering before deciding
chromosome groups

 Statistical methods for
optical numbers of
clusters prediction
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Summary

Pros:

« Assign, order and orient genomic sequences to chromosomes, including
across megabase-scale centromere gaps

* Validating chromosomal translocations in cancer genomes

Cons:

* Required a large amount of material (10°-108 cells)

* The contiguity required for the initial de novo assembly (>50kb)
* Clustering step requires # of chromosomal groups

Future work:

* Reducing input requirements

* Further validate LACHSIS 1n diverse species

* Multiple restriction enzymes (small contigs)

* Integrate LACHESIS and the initial assembly (ALLPATHS-LG)



