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Abstract

De novo genome assembly of outbred diploid organisms remains a challenge in
computational biology due to the difficulty of resolving similar haplotypes.
FALCON-Unzip, a phased diploid genome assembler, separates PacBio long-reads by
haplotype during assembly. The assembler outputs contiguous primary contigs, which
are pseudohaplotypes containing phased haplotype regions and collapsed haplotypes.
The ability to phase depends on the density of heterozygous variants, depth of coverage,
and read length. As a result, haplotype phase information is lost when phase blocks are
interrupted by regions of low heterozygosity, resulting in phase switches. Here, we
present FALCON-Phase, a new method that resolves phase-switches by reconstructing
contig-length phase blocks using Hi-C short-reads mapped to both homozygous regions
and phase blocks. Such Hi-C data contain ultra-long-range phasing information
(>1Mb). The novel FALCON-Phase algorithm is highly accurate (>96%) when
benchmarked against a pedigree-based truth-set. The FALCON-Phase pipeline can also
be extended to scaffolds to generate chromosome-scale phase blocks. The code is freely
available (https://github.com/phasegenomics/FALCON-Phase) under a BSD and
attribution license.

Author summary

FALCON-Phase combines PacBio long-read and Hi-C data for phased diploid genome 1

assembly. The method builds upon FALCON-Unzip, which generates 2

haplotype-resolved phase blocks limited by regions of low heterozysity along a genome. 3

FALCON-Phase uses the ultra-long-range haplotype information in Hi-C data to resolve 4

phase block switches and backfill homozygous regions, resulting in two phased haplotigs. 5

The FALCON-Phase pipeline can also be applied to scaffolds to produce 6

chromosome-scale phased diploid genome assemblies. 7
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Introduction 8

A high quality reference genome is an indispensable resource for basic and applied 9

research in biology, genomics, agriculture, and medicine [1–3]. Fortunately, the cost of 10

sequencing and computation for genome assembly projects is rapidly declining due to 11

technological innovations in DNA sequencing, long-range genotyping, and assembly 12

algorithms [4]. As researchers are now able to pursue genome projects for outbred, 13

non-model, diploid and polyploid organisms, a major challenge in de novo assembly is 14

accurate haplotype resolution. Most genome assemblers “collapse” multiple haplotypes 15

into a single consensus sequence to generate a pseudo haploid reference. Unfortunately, 16

this process can result in mosaic haplotypes with erroneously associated variants not 17

present in either haplotype and concomitant effects on biological inference [5]. 18

There are currently three approaches to haplotype resolution in long-read diploid 19

genome assembly. The first is to utilize family trio information to separate long-reads 20

from an F1 into maternal and paternal pools [6]. These parent-specific read pools are 21

then simply assembled into two haploid references, thus avoiding the added complexity 22

of diploid assembly. This method has been implemented in TrioCanu, and requires 23

Illumina short-read data from both parents in order to identify parent-specific markers 24

in the offspring long-read data [6]. Another approach uses a reference genome and 25

read-backed phasing to infer both haplotypes followed by long-read partitioning and 26

assembly [7–10]. Read-back phasing methods require single nucleotide variant (SNV) 27

calling. 28

The diploid assembly approach is to separate haplotypes during the genome 29

assembly process as implemented by FALCON-Unzip [11]. FALCON-Unzip outputs two 30

types of genomic contigs: primary contigs, which are highly contiguous 31

pseudo-haplotypes containing both phased and unphased haplotypes, and haplotigs, 32

which are shorter phased contigs that represent the alternate alleles in heterozygous 33

regions of the primary contig. The length of the phase-blocks (haplotigs) produced by 34

FALCON-Unzip are limited by PacBio read lengths and the magnitude and distribution 35

of heterozygosity in the diploid genome. Regions of low heterozysity are collapsed into 36

non-haplotype-resolved regions because they contain insufficient information for read 37

phasing. As a consequence, chromosome-specific information is lost between sequential 38

phase blocks that flank a collapsed haplotype region. 39

To address the problem of phase switching between FALCON-Unzip phase blocks, 40

we have implemented a novel algorithm called FALCON-Phase which integrates 41

ultra-long-range genotype (>1Mb) information in the form of Hi-C read pairs [12]. 42

Different from read-back phasing methods, FALCON-Phase does not require SNV 43

calling, but instead relies on the mapping pattern of Hi-C read pairs between 44

contigs [8, 10,13]. We validated the FALCON-Phase method against a highly 45

heterozygous Bos taurus/Bos indicus F1 genome assembly that was phased using 46

TrioCanu. We find that FALCON-Phase is >96% accurate, suggesting that Hi-C 47

proximity information can be used to correct nearly all haplotype switches along 48

FALCON-Unzip primary contigs and replace the requirement of parental genotype 49

information. 50

Materials and methods 51

FALCON-Phase has three stages: processing FALCON-Unzip contigs and Hi-C data, 52

application of the phasing algorithm, and emission of two phased haplotigs (Fig. 1). We 53

implemented FALCON-Phase using the Snakemake language to provide flexibility and 54

pipeline robustness [14]. The pipeline can be run interactively, on a single computer, or 55

submitted to a cluster job scheduler. 56
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Data preprocessing 57

Haplotig placement 58

In stage one, a haplotig placement file is generated for the FALCON-Unzip assembly. 59

This file uses the pairwise alignment format (PAF) [15] and specifies the map location 60

of each haplotig on the primary contig (Fig. 1). Briefly, haplotigs are aligned, filtered, 61

and processed with three utilities of the mummer v4 package [16]: nucmer, delta-filter 62

and show-coords. Sub-alignments for each haplotig are chained in one dimension to find 63

the optimal start and end of the placement using the coords2hp.py script. Finally, 64

non-unique haplotig mappings and those fully contained by other haplotigs are removed 65

with filt hp.py. 66

Contig mincing 67

The haplotig placement file is used to generate three “minced” FASTA files (Fig. 1), 68

“A haplotigs.fasta”, “B haplotigs.fasta”, and “collapsed haplotypes.fasta”. The “A” 69

haplotigs are the original FALCON-Unzip haplotigs (red in Fig. 1), the “B” haplotigs 70

are the corresponding phased region of the primary contigs (the alternate phased 71

haplotype, blue in Fig. 1), and the “collapsed” haplotypes are the unphased regions of 72

the assembly (grey in Fig. 1). The corresponding A and B minced haplotigs are paired 73

(“A-B haplotig pairs” or “phase blocks”) and tracked throughout phasing and emission 74

of the final output (see Fig. 1). The three FASTA files are concatenated together into a 75

single file for Hi-C read mapping. 76

Minced contig index file 77

A-B haplotig pairs are passed to the phasing algorithm in an index file, “ov index.txt” 78

generated by the primary contig index.pl script using the minced FASTA and haplotig 79

placement file as inputs. 80

Minced contig index file format

The minced contig index file (“ov index.txt”) is a three column space-delimited
file. There is one row for each FALCON-Unzip primary contig. Each number
is the zero-based index of the minced contig in the concatenated FASTA. The
columns consist of the following:

1. Primary contig ID.

2. Comma separated list of minced contig indices associated with the primary
contig.

3. Comma separated list of tuples for A-B haplotig pairs. If there are no A-B
pairings the field will be “NA.” This last column is referenced as array C
in the FALCON-Phase algorithm. For example, in the third row of the
example below C[0, 1] = 5216, C[1, 0] = 12, and C[1, 1] = 900.

Example rows from a contig index file:

000031F 7204 NA
000034F 7265,4310,7266,1195 1195:4310
000104F 8092,5216,2101 2101:5216,12:900

81
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Hi-C read mapping 82

The Hi-C reads are mapped to the minced contigs using bwa-mem, with the Hi-C option 83

(-5) enabled [17]. The mapped reads are streamed to samtools, removing reads with the 84

2316 flag set, and are thereafter sorted by read name [18]. This operation ensures that 85

each mate-pair only contains two entries. In the last step of read processing a map 86

quality filter of 10 is applied removing reads without haplotype specific sequence. Both 87

stringent (60) and relaxed (0) map quality filtering generated suboptimal-results. 88

Contact matrix 89

The Hi-C mate-pair counts between minced contigs are enumerated into a contact 90

matrix, M . Each element, Mi,j , in the matrix is later normalized by the number of 91

restriction enzyme sites, z, in both the ith and jth minced contigs as shown in Eq 1. 92

The raw count matrix is encoded into a binary “binmat” format. The normalization 93

step occurs in the second stage of the pipeline. 94

M̂i,j :=
Mi,j

zi + zj
(1)

Phasing algorithm 95

We designed an algorithm to phase the minced contigs for diploid genome assemblies 96

based on Hi-C read pair mapping (see Al. 1). The algorithm stochastically searches for 97

the optimum set of phase block configurations. The expected computational complexity 98

of the algorithm is O(n2), where n is the number of phase blocks (e.g. “A-B haplotig 99

pairs”). The algorithm is given a list, C, of tuples for the A-B haplotig pairs and their 100

sequential ordering along each primary contig. During initialization each member of the 101

A-B haplotig pair is randomly assigned one of the two possible phase configurations for 102

a diploid organism ∈ ({[0, 1], [1, 0]}). The phase assignment is stored in array T , where 103

0 corresponds to phase configuration [0,1]. The algorithm sweeps along the A-B pairs of 104

each primary contig, randomly assigning a phase for the haplotig pairs, conditioned on 105

the phase assignment of the previous A-B pairs and the Hi-C links between them. The 106

phaseFreq function (Eq. 2) calculates the frequency of Hi-C links from the current 107

region, i, to all past regions, j, that have the same phase, i.e. T [i] = T [j] = 1 = [1, 0]. 108

phaseFreq(i, T, M̂ , C) =

∑j<i
j=0 γ(i, j) ∗ α(i, j)∑j<i

j=0 α(i, j)
(2)

The phaseFreq function takes the index of the current A-B haplotig pair, i, the phase 109

assignment of all regions associated with a given primary contig, array T , the 110

normalized Hi-C count matrix, M̂ , and the C array of the A-B haplotig pairs. The 111

gamma function (Eq. 3) determines if two regions are in phase, and if so returns 1. The 112

alpha function (Eq. 4) gives the normalized counts of Hi-C links between both sets of 113

A-B haplotig pairs (see example box). 114

γ(i, j) =

{
1, T [i] = T [j]

0, T [i] 6= T [j]
(3)

α(i, j, M̂ , C) = M̂ [C[i, 0], C[j, 1]] + M̂ [C[i, 1], C[j, 0]] (4)
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Data: normalized Hi-C count matrix (M̂), contig overlap index array (C), number
of permutations (n), burn-in (b)

Result: (R) array, the phase of the A-B haplotig pairs ∈ {0, 1}
m← length of C - 1;
R ≡ result array of length of C;
T ≡ temporary phase array of length of C;
P ≡ state count array (T [i] = 1) of length C;
if length of C == 1 then

return R[0]← random(∈ {0, 1})
end
for j ← 0 to m do

R[j]← T [j]← random(∈ {0, 1});
P [j]← 0;

end
for i← 0 to n do

for j ← 1 to m do
T [j]← 1;

if phaseFreq(j, T, M̂ , C) < runif() then
T [j]← 0;

end
if i > b and T [j] = 1 then

P [j]← P [j] + 1;
end

end

end
for j ← 0 to m do

R[j]← 1;
if P [j]/(n− b) < 0.5 then

R[j]← 0;
end

end
return R

Algorithm 1: Phasing procedure
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The process of phase assignment across a primary contig is iterated for a burn-in 115

period followed by a scoring period. In the scoring period the number of iterations that 116

each member of the A-B pair spends in phase 1 [1,0] is enumerated. The final phase 117

assignment is the configuration in which each member of an A-B pair spent the most 118

iterations. In practice, 107 iterations with 5 ∗ 106 burn-in period generated consistent 119

results. The phasing algorithm requires nominal computational resources. The limiting 120

computational resource is memory as M̂ is not sparse. 121

Emission of Phased Haplotigs 122

Once the phase of each A-B haplotig pair (phase block) is determined, the minced 123

FASTA sequences are joined into two phased, full-length haplotig sequences (phase0 and 124

phase1) per primary contig (Fig. 1). The ordering of minced contigs (A-B haplotig pairs 125

and collapsed haplotypes) along each FALCON-Unzip primary contig is known from the 126

haplotig placement file. The emission step involves joining the correctly ordered minced 127

contigs and choosing between A and B minced haplotig to produce “phase0” and 128

“phase1” full-length haplotigs. 129

Evaluation of Method 130

F1 Bull Genome Dataset 131

We evaluated FALCON-Phase assembly (phase0 and phase1) of an F1 bull which is a 132

cross between the two cattle subspecies, Bos taurus indicus and Bos taurus taurus 133

against the dam and sire TrioCanu assembly [6]. The TrioCanu haploid assembly lengths 134

were 2.57Gb and 2.68Gb, for the dam (B. t. indicus) and sire (B. t. taurus) derived 135

contigs respectively. The ultra-long-range Hi-C data was generated by Phase Genomics. 136

Phase Assignment 137

Phase assignment of the minced A-B haplotig pairs (phase blocks) was evaluated 138

through minimap2 [15] alignments to the TrioCanu assemblies. We determined the 139

parent by the higher pairwise identity of the longest haploid alignment and required 140

that the parental assignment of each A-B pair be concordant. For example, in a case 141

where both members of the A-B pair are assigned to the same parent, the phase block 142

would receive no parental assignment. 143

We were able to assign 2.32 Gb to dam and 2.32 Gb to sire (see Tab. 1) and 144

evaluated FALCON-Phase using only these regions. In total, 1,704 out of the 3,128 A-B 145

pairs could not be unambiguously assigned to parents. These unassigned pairs were 146

largely small fragments, comprising a total of 116 Mb, (5%), of the phased, or 147

“unzipped” portion of the assembly. In addition, 374 Mb of of the primary contigs were 148

not unzipped, and remained as collapsed haplotypes. 149

Full-length Haplotig Production 150

Errors in alignment-based haplotig placement can introduce errors in the join sites 151

during the full-length haplotig reconstruction. We tested the accuracy of the 152

FALCON-phase junctions by aligning them to the TrioCanu dam assembly. We aligned 153

1,000bp around each of the 5,346 FALCON-Phase join sites using bwa mem 154

(bwa-0.7.17-r1188) [17]. A junction was scored as concordant if greater than 750bp 155

aligned in a single segment with no chimeric alignments. 156
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Table 1. Amount of the FALCON-Unzip assembly assayed.

Contig Assignment Count Length Mean length

Dam - unzipped 2,305 2.32 Gb 1.01 Mb
Sire - unzipped 2,305 2.32 Gb 1.01 Mb
NA - unzipped 1,704 116 Mb 68.1 Kb
Collapsed 3,934 374 Mb 88.2 Kb

Accounting of the phased (“unzipped”) and collapsed regions of the FALCON-Unzip
assembly and the parental assignment of the Unzipped regions. using TrioCanu dam
and sire contigs. “NA” denotes pairs that were unassigned due to either low
differentiation or no orthogonal sequence in the TrioCanu assemblies.

Scaffolding and Evaluation 157

We scaffolded the phase0 full length haplotigs from FALCON-Phase using default 158

Proximo (Phase Genomics, WA) settings [19,20]. Proximo generated chromosome-scale 159

scaffolds. The pairing of the phase0 and phase1 full length haplotigs is known and their 160

order along the bull chromosomes was determined by scaffolding. This enabled us to 161

apply FALCON-Phase a second time, resulting in phased, chromosome-scale scaffolds. 162

Scaffold-level chromosome phasing was evaluated against inheritance patterns of 163

short-read genotypes. Standard paired-end Illumina libraries from dam 164

(biosample:SAMN08473804) and sire (biosample:SAMN08473804) were aligned to 165

FALCON-Phase haplotigs from phase0 using bwa mem (bwa-0.7.17-r1188) [17]. Reads 166

were sorted with samtools [18]. Single Nucleotide Variants (SNVs) were called using 167

Freebayes [21]. The VCF file was manually filtered, keeping homozygous sites where the 168

dam and sire had different genotypes. Phase0 haplotigs were classified as dam or sire 169

given the pattern of inheritance along each contig. The fraction of SNVs that did not 170

match the haplotig parental assignment were used to measure accuracy. 171

Results 172

The FALCON-Unzip assembler generated 2.7 Gb of primary contig sequence for the F1 173

bull, of which 2.45 Gb (90%) was “unzipped.” The N50 for the primary contig set was 174

31.4 Mb while the N50 for the haplotig set was 2.48 Mb, reflecting the short phase 175

blocks of the initial assembly. The FALCON-Phase pipeline correctly phased a total of 176

2.1 Gb of the unzipped sequence. This represents accuracy of 96.72% when measured 177

against the TrioCanu parental assignment. Using the same parental assignment 178

approach on the unphased assembly, we find 63% phasing accuracy of the 179

FALCON-Unzip primary contigs. Therefore, FALCON-Phase provides an increase by 180

nearly 34% percentage points in phasing accuracy along primary contigs. Visualizing 181

the haplotype phase along primary contigs (e.g. Fig. 2A) revealed low rates of false 182

haplotype switches. 183

A second iteration of FALCON-Phase, run on scaffolds, reconstructed a dam and sire 184

haplotype for each chromosome-scale scaffold. We measured the accuracy of the first 185

scaffold, Scaffold1. Scaffold1 was 157Mb and highly syntenic to the bovine reference 186

chromosome one (see Fig. 2B) [22]. As an orthogonal form of phasing validation we 187

used dam and sire SNVs discovered against phase0 contigs. Before scaffold-level 188

phasing, we found nearly equal number of dam and sire specific SNVs: 110,146 and 189

109,021, respectively. After scaffold-level phasing the first haplotype (phase0) contained 190

95.4% dam specific SNVs (209,147:10,020) (Fig. 2C). We examined the SNVs that were 191

discordant against the phase0. We found a few phase switching errors that were 192

propagated from the initial round of contig phasing. Overall, the SNV inheritance 193
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pattern shows that the FALCON-Phase algorithm is effective at long-range phasing. 194

We investigated the mincing and in-phase joining of haplotigs on the accuracy of the 195

phased, full-length haplotig pairs by mapping 5,346 dam FALCON-Phase join sites to 196

the TrioCanu dam assembly (see Methods). We note that 88% (4,709) of the sites are 197

highly concordant with the TrioCanu dam assembly. There were 641 discordant 198

alignments (12%). Of the discordant alignments, 333 were split-read mappings and 116 199

had trans-contig mappings. Most of the discordant events occurred on smaller contigs, 200

likely in difficult-to-assemble regions of the genome. These results are consistent with 201

mapping errors and differences in assemblies rather than issues with the join sites. 202

Furthermore, when manually checking FALCON-Phase haplotype alignments we see 203

only a few gross errors (incorrect parental assignment), likely due to haplotig placement 204

via alignment. In the next version of FALCON-Unzip the haplotig placement files will 205

be generated directly from the assembly graph, relieving errors caused by mapping 206

haplotigs to the primary contigs. 207

Discussion 208

FALCON-Phase is a novel method that extends haplotype phasing to the chromosome 209

level in diploid genome assemblies. FALCON-Phase relies on two data types which are 210

commonly used to generate high quality reference genomes: PacBio long reads and Hi-C 211

read pairs. Because it does not require family-trio data, it can be applied to wild-caught 212

samples or organisms lacking pedigree information. 213

FALCON-Phase builds upon the functionality of the FALCON-Unzip assembler, 214

which generates haplotype blocks in regions of the genome exhibiting high levels of 215

heterozygosity. FALCON-Phase integrates ulta-long-range Hi-C data to phase these 216

haplotype blocks along a contig. In this study, we applied FALCON-Phase in two 217

iterations to an F1 bull genome. First, we generated pairs of high contiguity haplotigs 218

representing maternal and paternal haplotypes. We scaffolded these contigs using the 219

Hi-C data, and performed a second round of FALCON-Phase, resulting in phased 220

chromosome sequences. 221

Our method is optimized for outbred diploid organisms with moderate levels of 222

heterozygosity. Typical parameter settings for FALCON-Unzip genome assembly allow 223

haplotypes up to 5% divergent from each other to be “unzipped.” Haplotypes with 224

higher divergence may be assembled as separate primary contigs and could not be 225

paired with the current haplotig placement functionality. Future development work can 226

focus on broadening the application to high heterozygosity samples and organisms with 227

higher ploidy. 228

Future work will also involve the integration of the phasing algorithm into the 229

assembly process itself. During the layout phase of the genome assembly process, 230

“bubbles” in the overlap graph capture divergent haplotypes. The Hi-C data can be 231

integrated into the graph data structure in order to determine the haplotype-specific 232

path through multiple bubble regions. Integration at this stage will remove the need for 233

haplotig placement information, which has the potential to introduce errors. Moreover, 234

it will simplify the workflow such that extended phasing is not required as an add-on 235

module. 236

While FALCON-Phase corrects phase-switch errors between phase blocks in the 237

FALCON-Unzip primary contigs, the current implementation of the method has some 238

limitations. First, haplotypes in collapsed regions remain unresolved in the emitted 239

haplotigs. These regions contain SNVs and structural variation of insufficient density to 240

assign raw PacBio reads to a haplotype during the assembly process. Integration of 241

Hi-C data during assembly (see above) can enhance phasing of PacBio reads in 242

collapsed regions so that collapsed regions may be “unzipped” as well. 243
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FALCON-Phase requires haplotig placement files to delimit phase blocks on the 244

FALCON-Unzip primary contigs. Currently, haplotig placement file generation relies on 245

sequence alignment whereas future releases of FALCON-Unzip will automatically 246

generate haplotig placement files directly from the overlap graph. Errors in haplotig 247

placement decrease the power of FALCON-Phase by combining phase blocks together in 248

the same minced haplotig. This can result in conflicting signals in the Hi-C contact 249

matrix. We anticipate performance improvements with the assembly-graph based 250

haplotig placement file. 251
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Fig 1. The FALCON-Phase Pipeline. Workflow example for a single
FALCON-Unzip primary contig. Step 1. FALCON-Unzip assembly consisting of long
primary contigs (blue) and shorter associated haplotigs (red). The region where a
haplotig overlaps a primary contig is a phase block and is referred to as being
“unzipped” because both haplotypes are resolved. Regions of the primary contig without
associated haplotigs are referred to as “collapsed” haplotypes and have lower
heterozygosity than unzipped regions. Step 2. A haplotig placement file specifies
primary contig coordinates where the haplotigs align. Step 3. This placement file is
used to “mince” the primary contigs at the haplotig alignment start and end
coordinates. Mincing defines the ”phase blocks” (A-B haplotig pairs, blue and red) and
collapsed haplotypes (grey). Step 4. Hi-C pairs are mapped to the minced contigs and
alignments are filtered. Step 5. Phase blocks are assigned to state 0 or 1 using
algorithm 1. Step 6. The output of FALCON-Phase is two full length haplotigs for
phase 0 and 1 of comparable length to the original FALCON-Unzip primary contig.
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Fig 2. FALCON-Phase performance. A) Example of parent- (red and blue
segments) and phase-assignment (orange and grey segments) for minced haplotigs along
FALCON-Unzip primary contig 000005F. Phase0 corresponds to dam and phase1
corresponds to sire. This example shows the common phase switches between haplotype
blocks of the FALCON-Unzip primary contigs as well as how phasing errors are more
common for small haplotigs. B) Alignment plot showing the agreement between
Proximity Guided Assembly (PGA), Hi-C based, scaffold one and chromosome one of
bosTau8 [22]. C) Concordance between parental single nucleotide variants (SNV) and
PGA scaffold1. Blue SNVs support dam and red SNVs support sire. Before phasing,
Scaffold1 was a mixture of both dam and sire contigs. After phasing the majority of
SNVs support the dam haplotype.

May 20, 2018 12/12

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted May 21, 2018. ; https://doi.org/10.1101/327064doi: bioRxiv preprint 

https://doi.org/10.1101/327064
http://creativecommons.org/licenses/by-nc-nd/4.0/

