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1 Assembly from PacBio reads48

1.1 Running FALCON pipeline49

FALCON, the open-source phased diploid assembler introduced in Chin et al. (2016), was used to50

assemble PacBio reads. Configuration settings used in FALCON runs were as follows:51

1.1.1 FALCON parameters52

[ General ]53

i n pu t f o f n = input . f o f n54

i nput type = raw55

56

l e n g t h c u t o f f = 500057

l e n g t h c u t o f f p r = 2300058

59

pa concur r en t j ob s = 6460

cn s c oncu r r en t j ob s = 38461

ov lp concu r r en t j ob s = 38462

63

pa HPCdal igner option = −v −dal128 −t16 −e0 .75 −M24 −l 4800 −k18 −h480 −w8 −s10064

ovlp HPCdal igner opt ion = −v −dal128 −M24 −k24 −h1024 −e . 96 −l 2500 −s10065

66

pa DBsp l i t opt ion = −x500 −s40067

ov lp DBsp l i t op t i on = −s40068

69

f a l c o n s e n s e o p t i o n = −−output mult i −−min idt 0 .70 −−min cov 4 \70

−−max n read 200 −−n core 871

f a l c o n s e n s e s k i p c on t a i n e d = False72

73

o v e r l a p f i l t e r i n g s e t t i n g = −−max di f f 60 −−max cov 60 −−min cov 0 −−n core 1274

75

pwatcher type = f s ba s ed76

j ob type = slurm77

jobqueue = standard78

s g e op t i on da = −p %(jobqueue ) s −−nodes=1 −−ntasks=1 \79

−−cpus−per−task=4 −−mem−per−cpu=8g80

s g e o p t i o n l a = −p %(jobqueue ) s −−nodes=1 −−ntasks=1 \81

−−cpus−per−task=16 −−mem−per−cpu=8g82
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sge opt i on pda = −p %(jobqueue ) s −−nodes=1 −−ntasks=1 \83

−−cpus−per−task=6 −−mem−per−cpu=8g84

s g e op t i o n p l a = −p %(jobqueue ) s −−nodes=1 −−ntasks=1 \85

−−cpus−per−task=16 −−mem−per−cpu=8g86

s g e o p t i o n f c = −p %(jobqueue ) s −−nodes=1 −−ntasks=1 \87

−−cpus−per−task=16 −−mem−per−cpu=8g88

s g e op t i on cn s = −p %(jobqueue ) s −−nodes=1 −−ntasks=1 \89

−−cpus−per−task=8 −−mem−per−cpu=8g90

1.1.2 Quiver parameters91

[ General ]92

pwatcher type = f s ba s ed93

j ob type = slurm94

job queue = standard95

96

[ Unzip ]97

input bam fofn = input bam . f o f n98

smrt bin=/sw/bin /99

s g e qu i v e r = −p standard −−nodes=1 −−ntasks=1 \100

−−cpus−per−task=16 −−mem−per−cpu=16g101

s g e t r a c k r e ad s = −p standard −−nodes=1 −−ntasks=1 \102

−−cpus−per−task=8 −−mem−per−cpu=16g103

qu i v e r c on cu r r en t j ob s = 16104

1.1.3 FALCON-Unzip parameters105

[ General ]106

pwatcher type = f s ba s ed107

j ob type = slurm108

job queue = tbmem109

jobqueue = tbmem110

111

[ Unzip ]112

i n pu t f o f n = input . f o f n113

input bam fofn = input bam . f o f n114

115

smrt bin=/sw/bin /116

117

sge phas ing = −p standard −−nodes=1 −−ntasks=1 \118
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−−cpus−per−task=8 −−mem−per−cpu=8g119

s g e qu i v e r = −p standard −−nodes=1 −−ntasks=1 \120

−−cpus−per−task=16 −−mem−per−cpu=8g121

s g e t r a c k r e ad s = −p standard −−nodes=1 −−ntasks=1 \122

−−cpus−per−task=8 −−mem−per−cpu=8g123

s g e b l a s r a l n = −p standard −−nodes=1 −−ntasks=1 \124

−−cpus−per−task=16 −−mem−per−cpu=8g125

sge hasm = −p tbmem −−nodes=1 −−ntasks=1 \126

−−cpus−per−task=40 −−mem−per−cpu=16g127

128

unz i p b l a s r c on cu r r e n t j o b s = 64129

unz ip pha s ing concu r r en t j ob s = 64130

qu i v e r c on cu r r en t j ob s = 64131

1.2 Correction of errors using linked short reads132

The strategy for correcting (polishing) the assembly using linked short reads consisted of three133

steps. First, short reads from linked-reads dataset from WI-38 cells were aligned to the assembly134

and variants were called (see 1.2.1). Second, discordant variants between the reads and the assembly135

were identified and the assembly allele was replaced with the discordant allele from the reads (see136

1.2.2). Last, the efficiency of polishing was evaluated by comparing highly conserved genes in the137

unpolished and polished assembly (see 1.2.3).138

1.2.1 Alignment of the linked short reads to the assembly139

10x Genomics Chromium linked-read data were aligned to the PacBio assembly using the 10x140

Genomics Longranger pipeline (v 1.6.3) with default parameters. To accommodate the Longranger141

software, the PacBio assembly was combined into a limited number of FASTA entries using the142

Bionano optical maps (connecting scaffolded contigs with appropriately-sized stretches of Ns; see143

below) with further arbitrary concatenation into artificial scaffolds using stretches of 500 Ns. Linked144

read data (ca. 90-fold coverage) was aligned to the hybrid assembly using the Longranger pipeline145

with default parameters, identifying > 4.5 million short variants. Since the linked reads were146

generated from the same genome as the PacBio assembly, discordant variants were assumed to147

reflect errors in either the assembly or variant-calling. As shown in Fig. S1A, the discordant148

variants were predominantly insertions and deletions, which was consistent with the most common149

error types described for PacBio based assemblies (Chaisson et al., 2015; Gordon et al., 2016).150
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1.2.2 Polishing pipeline151

The polishing pipeline replaced reference alleles with their corresponding alternative alleles for all152

discordant variants called by Longranger with quality score > 50. In some cases when heterozygous153

location in a low complexity region in WI-38 genome was deleted in the assembly, Longranger154

called two concordant variants instead of a single bi-allelic discordant one (see Fig. S1C for an155

example). To identify these cases, pairs of concordant variants that are equivalent to a single156

bi-allelic discordant variant (e.g. two different insertions on the same position) were searched for157

using approach from (Assmus et al., 2013). Since the parsimonious explanation for these cases was158

an erroneous deletion in the assembly of a heterozygous SNP in the genome, this set of cases was159

added to the Longranger-identified set of discordant variants and corrected as well. Fig. S1B and160

Table S1 summarize the results of polishing the assembly with different versions of the polishing161

pipeline and estimate the error rate of the assembly (see section 1.2.3 for the description of the162

evaluation pipeline).163
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Figure S1: Correction of the PacBio assembly with linked short reads. (A) Number and type dis-

tribution of short variants identified between the linked reads and the assembly. (B) Evaluation of

polishing pipeline with different parameters. Bar plot shows number of transcripts with frameshifts

in the original assembly (unpolished PacBio assembly), after correcting all concordant and dis-

cordant variants between the linked reads and the assembly (1), after correcting only discordant

variants that Longranger returned (2) and the final set (3) - correcting all discordant variants sup-

plemented with a set of pairs of concordant variants that are equivalent to a discordant variant with

two alleles. (C) Example: two concordant variants that were equivalent to a bi-allelic discordant

variant. Consider an erroneous deletion of a heterozygous SNP in the assembly (left, compare WI38

genome and WI38 assembly). Since the SNP occurred in a low complexity region in the genome,

there are six equivalent possible variant calls from the alignment of linked reads to the assembly

(right panel). In this case, the one that requires a single deletion event in the assembly (*) was

chosen under the assumption that it is the most parsimonious explanation.

The errors in the assembly were predominantly insertions and deletions. Since indels in the164

coding sequence introduce frameshifts and frameshifts are almost always deleterious to the function165

of the protein, very few real frameshifts in the essential genes in WI-38 genome were expected.166

Therefore, the effectiveness of polishing was evaluated by counting frameshifts in essential genes,167

similar to the approach used for evaluation of the recent gorilla genome assembly (Gordon et al.,168
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2016).169

1.2.3 Evaluation of indels using essential-gene frameshifts170

First, to identify a list of highly conserved transcripts, BUSCO (Simão et al., 2015) based on171

OrthoDB (release 9) was used to define a set of highly conserved mammalian genes with a single172

isoform. BUSCO (version 3) defines 4097 single copy conserved genes. Genes lacking an annotated173

transcript in the RefSeq annotation v105 were filtered, leaving 3996 genes. Of this set, only genes174

containing a single annotated isoform in RefSeq were retained. This generated a list of 2153175

transcripts that were not expected to have any indels in the assembly.176

Second, these transcripts were aligned to the assembly using GMAP (Wu and Watanabe,177

2005) version 2017-11-15 with parameters -n 10.178

Third, expected protein sequences were extracted from the alignments, translated in three179

possible reading frames and assessed for the number of 10-mers from the reference sequence of180

the protein that were contained in each reading frame. If the coding sequence in the assembly181

contains a frameshift, more than a single reading frame in the protein would contain kmers from the182

reference protein sequence. Four hundred thirty-four transcripts in the original assembly contained183

frameshifts (Fig. S1B) suggesting an unpolished assembly error rate of approximately 1:2000 bp.184

When the polished genome was evaluated, only eight genes (out of 2153) contained frameshifts185

(Fig. S1B). These frameshift cases were manually examined as described in the main text (Table186

S2).187

1.3 Correction of intermediate-size assembly errors188

Since short-read assembly error detection is not efficient at detecting assembly errors longer than189

ten bases (Wenger et al., 2019), a separate strategy was applied to correct these errors. Such190

errors can be detected as homozygous (discordant) structural variants between the assembly and191

the raw reads. Hence, the raw PacBio reads were aligned to the assembly and discordant structural192

variants were sought.193

1.3.1 PacBio based assembly error detection.194

To detect both concordant and discordant structural variants in the WI-38 assembly, PacBio read-195

based SV detection was applied. NGM-LR (Sedlazeck et al., 2018) is an aligner that was shown196
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to be beneficial for detection of structural variations due to convex score function. NGM-LR197

was run with the parameters -x pacbio -R 0.01. The two pipelines Sniffles (Sedlazeck et al.,198

2018) and PBSV (pbsv) were used to call structural variants. Sniffles was run with parameters199

--report_seq --genotype, and PBSV was run with default configuration file modified to return200

structural variants longer than 10 bases (svlength=10).201

Figure S2: SV calls from different SV calling pipelines. (A) from Sniffles pipeline and (B) from

PBSV pipeline. Left panels show length distribution of SVs (negative - deletion), and right panels

show the genotype of the SVs.

The SV calls between the two pipelines were largely consistent, with PBSV calling slightly202

more structural variants. Encouragingly, the size distribution of all structural variants was largely203

similar to what had been previously observed (Fig. S2A,B, left panel). However, genotype calls204

from the two pipelines were strikingly different. While almost all of the SV calls from PBSV were205

heterozygous, there were substantially more SVs that Sniffles determined to be homozygous (Fig.206

S2A,B, right panel).207

To examine the genotype calls, the alignments and the calls were manually examined in IGV208

browser. Many PacBio reads that did not support the discordant Sniffles SV calls, while in most209

cases all reads supported discordant PBSV calls. (Fig. S3). Thus, PBSV genotyping calls were210

deemed significantly more reliable for the versions of the software used at that time.211
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Figure S3: IGV screenshots of representative homozygous and heterozygous Sniffles (A,B) and

PBSV (C,D) variants. In each panel the top row shows two examples of insertion call and the

bottom row shows two examples of deletions call.
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Genotyping thresholds of PBSV pipelines were slightly tuned to exclude assembly errors that212

were occurring in the regions covered with very few or a lot of PacBio reads (Fig. S4A). This213

generated a list of 477 discordant structural variants of various sizes (mosty small, Fig. S4B) with214

the total length of 27 kb, suggesting that the assembler was much more precise in the average215

precision of the assembly relative to the short range precision.216

1.3.2 Classification of assembly errors.217

To evaluate areas that were difficult to assemble, the assembly errors and structural variants were218

classified and compared the class distributions. Below are the classification criteria (note that the219

first three criteria are not mutually exclusive):220

1. Low complexity areas: dustmasker masked 30% bases within the assembly error/structural221

variant, or 200 bases upstream of the error/variant, or 200 bases downstream of the error/-222

variant.223

2. Collapsed repeats areas: if there are at least 20 bases out of 10 kb upstream or downstream224

of the assembly error/structural variant that have coverage of at least 150 (two-fold than the225

overall coverage of the assembly).226

3. Missing/added tandem repeat: Tandem repeat finder (version 4.06) was run on the area ±200227

bases around the assembly error/structural variant with parameters 2 5 7 80 10 50 2000 -l 6228

and the assembly error/structural variant was overlapping the sequence identified as tandem229

repeat.230

4. Other: None of the above.231

As Fig. S4C shows, our assembly pipeline made errors predominantly in the areas prone to232

structural variation, although it made slightly more errors in the areas of collapsed repeats, and233

fewer errors than structural variations occured in the areas of low complexity.234

2 Optical mapping and hybrid assembly235

Hybrid assemblies that combined optical maps with the PacBio assembly were constructed in four236

steps.237
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Figure S4: (A) Definition of assembly errors. Thresholds for calling SV homozygous (red box)

compared to PBSV defaults (red dots - homozygous PBSV calls, blue dots - heterozygous). (B)

Length distribution of assembly errors. (C) Classification of misasssemblies (discordant structural

variants) and concordant structural variants.
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First, consensus optical maps were assembled separately from the optical maps using Bionano238

Genomics Solve pipeline (v. 3.2.1 04122018) with parameters -f 0.10 -d -U -T 240 -N 6 -j 240239

-y -i 5 -a for BspQI and BssSI maps and -d -U -N 6 -y -i 5 -F 1 -a for DLE1 maps.240

Second, hybrid scaffolding was performed from the polished PacBio assembly and BssSI and241

BspQI consensus maps.242

Third, conflicts between the assemblies were resolved. After the initial execution of the first two243

steps, 134 conflicts with the BssSI consensus map and 133 conflicts with the BspQI consensus map244

were resolved in favor of the polished PacBio assembly. Two hundred six conflicts were resolved in245

favor of the optical maps. This resulted in a hybrid assembly with N50 of 92.8 Mb (versus 28.2 Mb246

in the PacBio only assembly).247

Fourth, another round of scaffolding was performed by combining the output of the third step248

and the consensus optical map from DLE-1 chemistry that was previously shown to improve scaffold249

contiguity due to reduced DNA molecule cleavage during staining (Formenti et al., 2018). At this250

point, we did not resolve conflicts and this resulted in slight increase in the assembly contiguity to251

N50 of 96Mb consistent with expectations.252

In order to evaluate the completeness of our assemblies, we ran BUSCO pipeline (Simão et al.,253

2015) on the polished PacBio assembly, the hybrid assembly and the 10x linked read-based assembly254

produced by Supernova pipeline (Fig. S5), which showed that the completeness of the hybrid255

assembly is comparable to the reference genome.256

3 Chromosome sorting257

3.1 Evaluation of sequencing libraries258

FACS sorting was performed with parameters that would deposit a defined number of chromosomes259

per well of a 384-well plate (Main text Fig. 3), and each well was assigned unique library indexes.260

To determine the actual number of chromosomes per well, the chromosome sorted data was initially261

analyzed as follows:262

1. Sequencing reads were aligned to GRCh38 using bwa mem.263

2. For each well, we identify enriched chromosomes (see below).264

3. For each chromosome and for every pair of wells containing this chromosome, we calculated the265
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Figure S5: Results of the BUSCO pipeline run on the pure PacBio, PacBio + Bionano (hybrid) and

Supernova assemblies. Vertebrate BUSCO set was used. Results of BUSCO run on the reference

genome are shown for comparison.

number of agreements versus the number of disagreements on the alleles of the chromosome’s266

SNPs.267

3.1.1 Definition of enriched chromosomes268

If a well contained a chromosome, it was determined to be “enriched” for that chromosome. For269

every well, we searched for a cutoff that would separate the chromosomes that were enriched270

(contained) in the well from the chromosomes that were not. The enrichment was measured by271

calculating a coverage of the chromosome relative to a set of the chromosomes. To calculate the272

relative coverage of the chromosome, we counted the number of reads that mapped uniquely to273

the chromosome per unit length (coverage) and divided it by the average coverage of a set of274

chromosomes. Let covi denote average coverage of chromosome i. We define relative coverage of275

chromosome i with respect to set S as:276

RelativeCoverage(covi, S) =
covi∑
j∈S covj

. (1)

Intuitively, the relative coverage of non-enriched chromosome to the set of non-enriched chro-277

mosomes is substantially lower than relative coverage of an enriched chromosome to the set of278

non-enriched chromosomes. This intuition motivates an algorithm which iterates over chromo-279

somes in decreasing order of coverage in order to build a set of enriched chromosomes. Once a280
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Figure S6: (A) Determination of enrichment threshold for 16 wells from library of 1 chromosome

per well. Orange and blue bars denote enriched and non-enriched scaffolds, respectively. Note that

the wells with enriched chromosomes (enrichment > 10) are quite distinct from non-enriched wells

(enrichment ≤ 10). (B) Histogram of enrichments in 1 chromosome/well libraries. (C) Histogram

of enrichments in 5 chromosome/well libraries. (D) The length of the enriched chromosome is well

correlated to the intensity of the event. Note that the outliers from the trend are cases when

multiple chromosomes are enriched in the well. (E) Enriched chromosome is relatively unbiased.

Bar graph of number of times each chromosome was enriched.
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chromosome cannot be safely added to the enriched set, it and all of the chromosomes with lower281

coverage, are deemed non-enriched. This algorithm is given below (Algorithm S1).282

Algorithm S1 Determining enrichment cutoff

1: procedure FindCutoff

2: covs := CalculateCoverages();

3: covs := sort(covs);

4: for cutoff:=length(covs)-1 do

5: enriched := covs[cutoff+1:];

6: non enriched := covs[1:cutoff-1];

7: c1 := RelativeCoverage(enriched, non enriched);

8: c2 := RelativeCoverage(covs[cutoff], non enriched);

9: if c1-c2 > c2-1 then return cutoff;. converged, coverage of the current chromosome is

like background
return cutoff;

As shown in (Fig. S6A), this algorithm found separation between the enriched and the non-283

enriched chromosomes. We called a library in the well “good” if it achieved relative coverage of284

enriched chromosomes to the non-enriched chromosomes of at least 10 (see Equation 1). Indeed, in285

some libraries (Fig. S6B,C) there was clear separation between the libraries containing an enriched286

chromosome and those that did not. The enriched chromosome in the 1 chromosome/well samples287

was well correlated with the intensity of the sorted event (Fig. S6D) and there was no strong bias288

in the identities of the enriched chromosomes (Fig. S6E).289

3.2 Defining linkage groups290

The initial analysis of the chromosome-sorted data relative to the hybrid assembly was done simi-291

larly, but the reads were aligned to the hybrid assembly and for each sample we determined which292

scaffolds were enriched in it. Our initial goal was to assign scaffolds to chromosomes (linkage293

groups) using the fact that scaffolds that belong to the same chromosome should be enriched in294

the same wells. Determination of enrichment for short scaffolds was noisy, thus only 47 scaffolds295

longer than 5Mb were considered in the first step.296

For each of the 47 scaffolds, we we calculated its enrichment pattern within wells (i.e. binary297

vectors with ones for samples enriched for the scaffold) and formed linkage groups between pairs of298
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enrichment patterns if pairwise correlation between the patterns was > 0.98 (Enrichment patterns299

between scaffolds in the same linkage group were virtually identical, Fig. S7B). After breaking the300

chimeric contig, we recovered 24 linkage groups. The last group contained a single scaffold that301

contained a gap > 11 Mb and less than 100 kb of sequence and was discarded.302

To assign scaffolds longer than 100 kb to the linkage groups, we first calculated their enrichment303

pattern. Relative coverage of the scaffold was calculated using non-enriched long scaffolds as the304

background and scaffolds with relative coverage higher than 10 were considered enriched. To assign305

a scaffold to a linkage group, we calculated the p-value for the overlap between the enrichment306

pattern of the scaffold and the enrichment pattern of the linkage group assuming hyper-geometric307

distribution for the expected intersection as a null. The scaffold was assigned to a linkage group308

if there was a single linkage group with a p-value of overlap less than 3.1 ∗ 10−5 (i.e. < 2−15; Fig.309

S7C).310

4 Phasing chromosomes using Expectation-Maximization311

4.1 Representation of homologs312

In our chromosome sorting approach, small number of chromosomes were sorted into individual313

wells of 384-well plates. Sequencing coverage from each individual well was sparse, so any one314

library from a single well contained only a subset of heterozygous SNPs, even for the enriched315

chromosomes. Since no single library could fully reconstruct a homolog, data from multiple libraries316

(corresponding to multiple wells) were aggregated through the construction of a probabilistic model.317

We pose the problem of homolog phasing as maximum likelihood estimation in this model.318

We were ultimately interested in defining homolog assignment of each partially phased block319

to reduce the cost of the chromosome-sorted sequencing. Thus, we did not attempt to determine320

the allele present in the well for each heterozygous polymorphism, but, instead, only determined321

the alleles of SNPs known from the short-read-based calling to be heterozygous in the genome of322

WI-38. Simple genotype caller from SAMtools was used to determine the allele of each SNP present323

in the well.324

For simplicity, for each well we only used SNPs with a single allele present in that well (those325

that the genotype caller determined to be ’homozygous’). This was true for the vast majority326

(>95% of SNPs) due to both the sparsity of chromosomes across the wells (in most wells, only a327
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single homolog was present) and the sparsity of sequencing across each chromosome in each well.328

Since we were phasing heterozygous SNPs on the genome assembly, our model assumed all SNPs329

to be biallelic, with one allele equal to the reference (the reference being the unphased WI-38330

assembly).331

For every SNP, we selected a 0 allele to be a reference allele. A homolog was represented by a332

sequence of binary values, one for each heterozygous site. We denoted value 0 as Ref, and value 1333

as Alt.334

As an example: if homolog A was defined by sequence sA = (Ref, Ref, Alt, Alt, Ref, ...) then335

homolog B was defined by sequence sB = (Alt, Alt, Ref, Ref, Alt, ...). However, this discrete repre-336

sentation was not well suited to optimization and did not provide information about the uncertainty337

of homolog reconstruction.338

4.2 Probabilistic view of homolog and sample encoding339

To be able to apply a continuous optimization algorithm, we introduced a probabilistic represen-340

tation of the problem.341

In this representation, our goal was to estimate variables z = (z1, . . . , zk, . . . ) that equalled zero342

if the true allele at a particular site k of homolog A was equal to the reference allele, and one343

otherwise.344

Since the level of noise varied between the wells and between the chromosomes sorted into wells,345

we introduced the uncertainty parameters Φ = {Φl} for every sample (well)/chromosome pair l.346

Explicitly, if glk was the genotype call for a position k of sample l,347

P (glk = zk | z,Φ) = P (glk = zk|zk,Φl) = Φl.

Intuitively, Φl is expected to be close to either zero or one, dependent on the homolog of the348

chromosome enriched in the well and to 0.5 if the well contains more than one or zero homologs of349

the chromosome.350

Given a particular z and Φ, the likelihood of the observed genotype calls in all wells G = {glk}351

is352

P (G | z,Φ) =
∏
k,l

P (glk | zk,Φl) =
∏
k,l

Φ
[glk=zk]
l (1− Φl)

[glk 6=zk], (2)
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where

[x] =


1, if x is true

0, otherwise.

Hence, complete data log-likelihood is given by353

L(Φ; z,G) = logP (G, z | Φ) =
∑
k,l

([glk = zk] log Φl + [glk 6= zk] log(1− Φl)) , (3)

and the observed data log-likelihood (when z are not observed, but only their probabilities are354

estimated), is given by355

L(Φ;G) = logP (G | Φ) =
∑
k

log

 ∑
zk={0,1}

P (zk)
∏
l

P (glk | zk,Φ)

 . (4)

Our goal was to maximize the observed data log-likelihood with respect to parameters Φ. Expectation-356

Maximization (EM) algorithm was applied to accomplish this.357

4.3 Maximum-likelihood estimation using Expectation-Maximization358

Expectation-Maximization algorithm can be seen to optimize a lower bound on the observed log-359

likelihood360

L(Φ;G) ≥
∑
k

q(zk) log
∏
l

P (glk | zk,Φ)−
∑
k

q(zk) log q(zk) (5)

= Ez[L(Φ; z,G)]−
∑
k

Ezk [log q(zk)] (6)

where q(zk) is any probability distribution over {0, 1} and Ezk is the expectation calculated with

respect to qzk .

Ez[L(Φ; z,G)] =
∑
k

Ezk

(
log
∏
l

P (glk, zk | Φl)

)
.361

The two steps of the EM algorithm increase this lower bound. The E-step of the algorithm362

computes, for each well k, the optimal q(zk) given current estimate of Φ. The M-step computes363

the optimal Φ given current q(zk), across all wells k.364
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4.4 E-step365

We denote the current estimate of Φ as Φ̃. Given Φ̃, q(zk) which maximizes (6) is equal to366

P (zk | Φ̃,G). We derived closed form expression for this conditional probability.367

P (zk = 0 | G, Φ̃) =
P (zk = 0,G | Φ̃, )

P (G | Φ̃)

=
P (G | zk = 0, Φ̃)P (zk = 0)

P (G | zk = 0, Φ̃)P (zk = 0) + P (G | zk = 1, Φ̃)P (zk = 1)
,

(7)

where,

P (G | zk = 0, Φ̃) =
∏
l

Φ̃
[glk=zk]
l (1− Φ̃l)

[glk 6=zk],

Thus, assuming P (zk = 0) = P (zk = 1) = 1/2,

P (zk = 0 | Φ̃,G) =

∏
l Φ̃

[glk=zk]
l (1− Φ̃l)

[glk 6=zk]∏
l Φ̃

[glk=zk]
l (1− Φ̃l)[glk 6=zk] +

∏
l Φ̃

[glk 6=zk]
l (1− Φ̃l)[glk=zk]

.

We derived P (zk = 1 | G, Φ̃) analogously.368

4.5 M-step.369

Given current q(zk), optimal Φ which maximizes the bound (6) depends only on parts of the bound370

which involve Φ371

Ez[L(Φ; z,G)] =
∑
k

Ezk(log
∏

P (glk, zk | Φ)) =
∑
k,l

Ezk(logP (glk, zk | Φ))

We expanded this expression to reveal explicit dependence on Φ.372

Ez[L(Φ; z,G)] =
∑
k,l

Ezk(logP (glk, zk))

=
∑
glk=0

(q(zk = 0) logP (glk = zk)+ q(zk = 1) logP (glk 6= zk))

+
∑
glk=1

(q(zk = 1) logP (glk = zk)+ q(zk = 0) logP (glk 6= zk))

=
∑
glk=0

(q(zk = 0) log Φl+ q(zk = 1) log(1− Φl))

+
∑
glk=1

(q(zk = 1) log Φl+ q(zk = 0) log(1− Φl))

(8)
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finally we rearranged the (8) to make update derivation straightforward:373

Ez[L(Φ; z,G)] =
∑
l

log Φl

∑
glk=0

q(zk = 0) +
∑
glk=1

q(zk = 1)


+ log(1− Φl)

∑
glk=1

q(zk = 0) +
∑
glk=0

q(zk = 1)

 .

(9)

Defining S1 ≡
∑

glk=0 q(zk = 0) +
∑

glk=1 q(zk = 1) and S2 ≡
∑

glk=1 q(zk = 0) +
∑

glk=0 q(zk = 1)374

and substituting into (9) we have375

Ez[L(Φ; z,G)] =
∑
l

log ΦlS1 + log(1− Φl)S2. (10)

Differentiating (10) with respect to Φl yields376

∂Ez(L)

∂Φl
=

S1

Φl
− S2

1− Φl
. (11)

Equating the partial derivative to zero yields:377

argmaxΦEz(L) =
S1

S1 + S2
. (12)

4.6 Pre-processing378

We found that performance of the EM was sensitive to the input SNP set. Specifically, the following379

noise sources affected phasing:380

1. Homozygous SNPs that were being called as heterozygous381

2. SNPs that were being called in the areas of unresolved duplications in the assembly. In these382

areas, there were many SNPs that were being called as heterozygous but probably resulted383

from two homologous homozygous areas in the genome that were not resolved by the assembly.384

To exclude these we:385

1. Excluded all non-substitution SNPs or SNPs not passing Longranger filters. This retained386

2,625,045 SNPs387

2. Excluded heterozygous SNPs that were supported by less than 15 linked reads (given 90x388

coverage) and with ratio of ref./alt. larger than 2. This retained 2,136,579 SNPs.389
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3. Excluded SNPs that occured in the areas (of total size 27.4 Mb) of the assembly where the390

coverage of PacBio reads was larger than 120-fold (the average coverage of PacBio reads was391

80-fold). This retained 2,062,365 SNPs.392

Note that the filtering at this step was deliberately aggressive, since at the later stage the393

phasing information was aggregated within the phase block and phased the SNPs which could not394

be phased with certainty by chromosome sorting. Finally, we excluded SNPs called on scaffolds that395

were not assigned to linkage groups. These scaffolds generally corresponded to repetitive regions396

and therefore could have belonged to any of multiple chromosomes.397

4.7 Initialization of the EM algorithm398

EM was performed on each linkage group separately. The performance of the EM generally

did not depend on the initialization point, but good initialization sped up optimization con-

siderably. To initialize the EM, we defined a distance metric for pair of wells as follows: let

PA = {pA1 , . . . , pAn }, PB = {pB1 , . . . , pBm} be sets of polymorphic locations that were observed in wells

A and B respectively. Let {gA
pA1
, . . . , gA

pAn
}, {gB

pB1
, . . . , gB

pBm
} the observed alleles in both wells. We

define a metric

d(A,B) =

∑
l∈PA∩PB

[gAl = gBl ]

|PA ∩ PB|

and calculate a matrix of pairwise distances between all pairs of wells enriched for the same linkage399

group. We used this distance matrix to perform agglomerative clustering (using AgglomerativeClustering400

tool from sklearn) on the wells using average linkage and clustering the wells into two clusters401

(presumable according to the homolog enriched in each well). We initialized Φ for each well as 0.7402

and 0.3 dependent on the cluster that it belonged to. With this initialization, EM converged in less403

than 10 iterations. Initialization values in the intervals (0.5, 1) and (0, 0.5) respectively produced404

very similar final results, but affected the convergence rate.405

5 Comparison of WI38 and GRCh38406

Next, we compared the haplotypes of the final WI-38 assembly to the human reference genome407

GRCh38. As described in the main text, the fully-phased assembly allowed for straightforward408

genotyping of short and long polymorphisms by alignment of the WI-38 assembly to the reference409

genome. Below, we expand on the following points in the process:410
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Figure S7: Identifying assembly errors that created a chimeric scaffold using chromosome sorted

data. (A) Heatmap showing read coverage in each well enriched for the chimeric scaffold. Well

patterns were clustered by hierarchical clustering. Note that the first 35 Mb of the scaffold were

enriched in different set of wells when compared to the last 85 Mb. The scaffold was broken at

position 35,274,265 nt. (B) Assigning long scaffolds to linkage groups. Black vertical lines denote

wells where each scaffold was enriched, dashed lines separate individual scaffolds and black boxes

denote linkage groups. (C) Assigning all scaffolds to linkage groups. Same as Fig. 5A in the

main text, but all scaffolds longer than 100 kb are shown. (D) 90% of variants were phased using

sorted chromosomes. Scatter plot showing fraction of phased and unphased variants for different

thresholds of agreement fraction of homolog assignment between the individual variants inside a

phased block. (E) CrossStitch pipeline was able to phase structural variants confidently. Figure

shows histogram of percentage of PacBio reads supporting assignment of the structural variant to

haplotype 1. Note that majority of SVs can be confidently assigned to the haplotype.

1. comparison of short variant calling that is based on the WI-38 assembly versus read-based411

short variant calling;412
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2. generation of the diploid WI-38 genome;413

3. SV calling from the diploid WI-38 genome.414

5.1 Short polymorphisms between GRCh38 and WI-38415

We used paftools and Minimap2 Li (2018) to align diploid assembly to the reference genome in416

order to call short variants. We compared variants by alignment of the assemblies and variants417

called by aligning linked reads from WI-38 to the reference genome. Overall, the accuracy of the418

variant recall was very high – almost all variants called from short reads were also called by the419

assembly. The precision was also high, albeit somewhat lower than recall (Fig. S8). Notably,420

discrepancies tended to be concentrated in subtelomeric regions and around centromeres, where421

variants calls are expected to be challenging. Additionally, we observed a relatively large number422

of unique variants called from the assembly on the homopolymer stretches, as previously described423

(Wenger et al., 2019).424
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Figure S8: Disagreements of short 10x Genomics linked read variant calls (SNPs and indels of

length ≤ 30) between the phased assembly and short linked reads aligned to GRCh38, binned by

chromosomal position. Here we treat the 10x Genomics calls as ground truth, so “precision” refers

to the fraction of assembly variants that are also present in 10x Genomics, and “recall” refers to

the fraction of 10x Genomics variants that are also present in the assembly. Variants were called

from the assembly using Minimap2 and paftools. Variants were called from 10x Genomics reads

using Longranger. Only variants with QUAL≥30 and FILTER=PASS were counted.
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5.2 Structural variation between GRCh38 and WI-38425

5.2.1 Generation of the diplpoid WI-38 genome426

Shorter phase blocks deriving from linked-read technology (10X) were analyzed using data from427

chromosome sorting in order to generate chromosome-length haplotypes. Structural variants there-428

fore remained mosly unphased by the efforts described in the previous sections. The CrossStitch429

pipeline was used to assign structural variants called by alignment of PacBio reads to the discovered430

phased blocks.431

To phase structural variants using PacBio reads we first aligned PacBio reads to the partially432

phased assembly using NGM-LR and called structural variants using Sniffles. Next, Sniffles output433

was filtered in the following way:434

1. Structural variants with abnormal PacBio read coverage of the SV breakpoint (> 130-fold)435

or with abnormal ratio of support of alternative allele to reference allele (altcoverage <436

totalcoverage/2− 25) were filtered out.437

2. Structural variants spanning gaps on the assembly were filtered out.438

The sequences of insertions and inversions were then refined using the realignment script in439

the CrossStitch pipeline and phased using CrossStitch with 10x phased SNPs as input with the440

following minor modifications:441

1. Only SV calls with SV types INS, DEL, INV were used, other SVs (308) were filtered out as442

their sequence was poorly determined and thus hard to phase.443

2. After phasing the SVs, CrossStitch removes overlapping SNPs and structural variants. The444

process was modified as follows: if a Sniffles SV call was within 100 bases of an Illumina SV445

call of longer than 10 bases, we filtered out the Sniffles SV call. Otherwise, if an Illumina446

SV call of less than 10 bases or a SNP/INDEL overlapped a PacBio SV call, we removed the447

Illumina call.448

3. vcf2diploid script that outputs the two versions of the assembly was modified so that inversions449

were also included in the diploid genome.450

As shown on Fig. S7E, the majority of the structural variants were confidently assigned to451

haplotype.452
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5.2.2 Alignments and filtering453

Scaffolds of the diploid assembly were aligned to GRCh38 using Minimap with default parameters.454

The alignments were processed in the following steps:455

1. Alignments of inversions sometimes had low mapping quality scores. We identified such456

alignments by the following criteria: a) shorter than 5,000 bp; b) flanking sequences aligned457

with quality > 30; and c) the flanking sequences aligned in the same order and orientation,458

the middle sequence was inverted relative to the flanking sequences. These alignments were459

given mapping quality of 60. This was done to prevent filtering of inverted alignments that460

could later be identified as inversions.461

2. Alignments with mapping scores less than 30 were filtered out.462

3. Alignments to the Y chromosome were filtered out, since the WI-38 is a female cell line.463

4. Repetitive regions in the reference genome tend to align to multiple short regions of the464

assembly. These alignments can lead to spurious variant calls. Thus we filtered all alignments465

that did not align to at least 100 bases of the reference that align to a single assembly region.466

5. Some regions of the assembly (predominantly in the repetitive regions) sometimes aligned to467

multiple locations. We filtered out all alignment segments that do not contain 100 bases of468

the assembly that have only a single alignment.469

5.2.3 Calling insertions and deletions470

Insertions and deletions were called from either the CIGAR string or when the aligner split the471

assembly sequence into two segments and the distance on the assembly between the ends of the472

segments was different from the distance on the reference ((Marçais et al., 2018)). Insertions and473

deletions that spanned gaps in the assembly or reference were removed. Note, that we only called474

insertion or deletion if the direction of alignment of the consecutive segments was the same - i.e. if475

the two segments both aligned to the Watson or to the Crick strand of the reference genome. Cases476

where the insertion or deletion size was larger than 1 Mb, when the two consecutive alignment477

segments aligned to different strands of the genome and when the alignment segments were on478

separate chromosomes were treated separately (see 5.2.5)479
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Figure S9: SV calls examples. (A) Examples of inversions. Alignment on the left was interpreted

as inversion of chr5:64,474,000-64,477,000, alignment on the right - inversion of chr9:113,111,900-

113,112,900. (B) Examples of complex SVs. Left - complex rearrangement at chr11:1,900,000-

1,945,000, right - complex rearrangement at chr15:28,500,000-32,500,000. (C) Enrichment of struc-

tural variation close to ends of scaffolds for all (left) and large (right) structural variations.

5.2.4 Calling inversions480

Inversions were called by identifying sections of the assembly that aligns to the reference in the481

opposite direction from the flanking sequences (Fig. S9A). To filter inversion calls arising from482

spurious alignments, we required that the flanking alignment segments were at least 10 times483

longer than the inverted segment.484
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5.2.5 Complex rearrangements485

Complex SV calls included cases of alignment breakpoints that spanned two different chromosomes486

in the reference, distant sites (>1 Mb) on the same chromosome or when the assembly sequence was487

split into two segments that aligned to opposite strands of the reference genome. In many cases,488

however, such alignments happened in highly repetitive regions and were difficult to interpret (Fig.489

S9A), so we implemented an aggressive filtering strategy both to remove spurious alignments and490

facilitate interpretation:491

1. All complex breakpoints between an unplaced contig and a chromosome were removed .492

2. All breakpoints when one of the flanking alignments was shorter than 10 kb were removed.493

This excluded called inversions since they generated one short alignment by definition.494

3. We identified pairs of alignment breakpoints with a distance less than 5Mb such that the495

intervening assembly segment aligned to a different region of the reference (translolcation)496

(Fig. S9B). The region between the two breakpoints was called ”COMPLEX REARRANGE-497

MENT”498

4. Sets of close complex breakpoints within 100 kb were merged (this merged SVs on highly499

rearranged areas) (Fig. S9B).500

5. Ends of contigs were highly enriched in SV calls (within 1 Mb; Fig. S9C). Contigs tend to501

terminate in repetitive regions that tend to be highly divergent between subjects, thus we502

hypothesized that many of the structural variations close to the ends of contigs arise from503

spurious alignments between highly divergent repetitive areas. These SVs were marked ”Low504

confidence” in the provided output (Table S8).505

6 SV calls from optical maps - related to Fig. 7506

To confirm the structural variant calls we made from BssSI and DLE-1 optical maps respectively507

(Fig. S10) we aligned optical maps generated from the other labelling chemistries to the reference508

optical maps. As can be seen on Figure S10, the alignments of the optical maps from the other509

chemistries largely confirms the SV call from BssSI and DLE-1 maps. Optical maps, therefore, can510

facilitate SV calling in the difficult-to-sequence areas as well as resolve complex SV calls.511
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Figure S10: Optical maps from other labeling chemistries support SV calls made from optical

maps on Fig. 6C,D. (A) Optical maps from the same region as Fig. 6C from BspQI and DLE1

chemistries. (B) Optical maps from the same region as Fig. 6D from BspQI and BssSI chemistries

7 Genome browser512

We have developed a public website accompanying this paper, available at wi38.research.calicolabs.513

com.514

This site provides an overview of the work, a list of data files available for download, and an515

interactive genome browser. The genome browser provides two ways to visualize and explore our516

results:517
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1. Phased scaffolds aligned to the human reference genome (GRCh38), with corresponding518

phased variants called between our assembly and the reference519

2. Phased scaffolds aligned to the unphased hybrid assembly, with the corresponding phased520

variants called from sequencing data (10x and Pac Bio) aligned to the assembly521

Files are also available for download directly from Google Cloud Storage at the following bucket:522

gs://calico-wi38-assembly-public.523

8 Supplementary Tables524

Table S1: Polishing summary

Table S2: Genes that contain frameshifts after polishing

Table S3: Summary of correction of intermediate-length misassemblies

Table S4: Unaligned sequences

Table S5: Statistics of sequencing libraries from 1 chrom/well sorting

Table S6: Statistics of sequencing libraries from 5 chrom/well sorting

Table S7: Statistics of SNVs relative to GRCh38

Table S8: SV calls relative to GRCh38

Table S9: Heterozygous SVs in WI-38 genome

Table S10: SRA submission part 1 - PacBio reads
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Table S11: SRA submission part 2 - 10x long reads

Table S12: SRA submission part 3 - sorted chromosomes data
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