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Abstract

De novo genome assembly is essential for genomic research. High-quality genomes assembled into phased pseudomolecules are
challenging to produce and often contain assembly errors because of repeats, heterozygosity, or the chosen assembly strategy. Although
algorithms that produce partially phased assemblies exist, haploid draft assemblies that may lack biological information remain favored
because they are easier to generate and use. We developed HaploSync, a suite of tools that produces fully phased, chromosome-scale
diploid genome assemblies, and performs extensive quality control to limit assembly artifacts. HaploSync scaffolds sequences from a draft
diploid assembly into phased pseudomolecules guided by a genetic map and/or the genome of a closely related species. HaploSync
generates a report that visualizes the relationships between current and legacy sequences, for both haplotypes, and displays their gene
and marker content. This quality control helps the user identify misassemblies and guides Haplosync’s correction of scaffolding errors.
Finally, HaploSync fills assembly gaps with unplaced sequences and resolves collapsed homozygous regions. In a series of plant, fungal,
and animal kingdom case studies, we demonstrate that HaploSync efficiently increases the assembly contiguity of phased chromosomes,
improves completeness by filling gaps, corrects scaffolding, and correctly phases highly heterozygous, complex regions.
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Introduction
Affordable high-throughput  DNA sequencing a n d  novel assembly

tools have m a d e  high-quality genome assemblies  a n d  genome re-

search a t ta inable  a n d  a b u n d a n t .  Long-read DNA sequencing

genomes. High heterozygosity a n d  repetitive content  often pre-

vent  phasing in diploid regions. This inflates t h e  pr imary assem-

bly (Chin et al. 2016; Minio et al. 2019) a n d  can impai r  scaffolding

procedures t h a t  u s e  t h e  pr imary assembly a s  input .

technologies,     like     those     developed     by     Oxford     Nanopore Hybrid approaches t h a t  integrate  additional in d e p e n d e n t

Technologies a n d  Pacific Biosciences, a r e  now t h e  preferred

method s  for reference genome sequencing. The assemblies  pro-

duced using these  technologies a re  more  contiguous a n d  com-

plete t h a n  assemblies  constructed using short  sequencing reads

a n d  bet ter  represen t  repetitive content  (Rhoads a n d  Au 2015;

Bongartz a n d  Schloissnig 2019; Du a n d  Liang 2019; Paajanen  et al.

2019). Another impor ta n t  advantage of long-read sequencing is

t h e  ability to genera te  p h a s e d  diploid assemblies.  Previously, ge-

nome complexity d u e  to heterozygosity was typically hand le d  by

generating a  haploid representa t ion of a  diploid genome ei ther  by

collapsing heterozygous si tes into a  consensus  sequ ence  or by in-

cluding only 1 allele’s sequence  (Small et al. 2007; Huang et al.

2012; Di Genova et al. 2014; Hirakawa et al. 2014; Kajitani et al.

2014; Ying et al. 2019).

Partially p h a s e d  assemblies  have revealed genomic complexi-

ties t h a t  were inaccessible in previous haploid representat ions ,

such  a s  haplotype-specific s t ructural  variation events,  trai t-

associated alleles, a n d  allele-specific gene expression a n d  meth-

ylation (Garg et al. 2021; Low et al. 2020; Massonnet  et al. 2020; Sun

et al. 2020; Zhou et al. 2020; Mansfeld et al. 2021). However,

phasing diploid assemblies  r e m a in s  challenging for complex

data ,  such  a s  optical m a p s  or chromat in  s t ructure,  help scaffold

draft  genome assemblies  u p  to full-length chromosomes (Barchi

et al. 2019; Hosmani et al. 2019; Wallberg et al. 2019; Miga et al.

2020). Several genetic m a p - b a s e d  a n d  reference-guided scaffold-

ing tools have been  developed (Kim et al. 2013; Tang et al. 2015;

Tamazian et al. 2016; Alonge et al. 2019). However, t hese  tools as-

semble  one haplotype a t  a  t ime  a n d  do not  make  u s e  of t h e  infor-

mation of t h e  alternative haplotype (e.g. sequence  homology,

s h a r e d  genetic markers,  orthologous genes, primary-to-haplotig

relationship) to aid t h e  reconstruction a n d  phasing of each haplo-

type. Consequently, constructing chromosome-scale pseudomo-

lecules using these  tools relies on t h e  phasing accuracy of t h e

draft  genome, t h e  dens ity of genetic m a p  markers,  or similarity

to a  related species’ genome (Ren et al. 2012; Tang et al. 2015;

Alonge et al. 2019). Though quality control is a n  integral pa r t  of

t h e  assembly procedure, t h e  relationship between haplotypes is

never included in quality control processes.

Here, we p resen t  HaploSync, a n  open-source package t h a t

scaffolds, refines, a n d  fully p h a s e s  diploid a n d  chromosome-

anchored genomes. HaploSync leverages t h e  relationship be-

tween haplotypes to improve t h e  quality a n d  accuracy of
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assemblies, sepa ra t e s haplotypes while reconstructing capable of handling diploid assemblies  lacking phasing informa-

chromosome-scale pseudomolecule sequences,  a n d  recovers a

location for genomic regions t h a t  cannot  be  placed during other

assembly steps.  Quality controls a re  im p le m e n t e d  a t  each s tep  to

check for a n d  correct assembly errors. HaploSync was bench-

marked  using 5 diploid species with different levels of heterozy-

gosity from t h e  plant ,  animal ,  a n d  fungal kingdoms. For each

species, HaploSync delivered a  completely phased ,  chromosome-

scaled genome with a  quality comparable to t h e  assemblies  con-

sidered a s  references for each species. HaploSync, its m a n u a l ,

a n d  tutorials for its u s e  a re  freely available a t  ht tps: / /gi thub.com/

andreaminio/haplosync.

Materials a n d  m e t h o d s
HaploSync h a s  6 modules:  HaploSplit, HaploDup, HaploBreak,

HaploFill, HaploMake, a n d  HaploMap. The overall HaploSync

workflow is summar ize d  in Fig. 1. HaploSync accepts draft  ge-

nome sequ ences  or assemble d  pseudomolecules a s  input ,  prefer-

ably with minimally collapsed heterozygous sequ ences  a n d  no

haploid consensus  sequences.  Allele phasing is unnecessary  a  pri-

ori. The tool is applicable to conventional haploid a n d  diploid-

aware assemblies.

HaploSplit
HaploSplit u se s  external  information to associate draft  assembly

sequences  with original chromosomes, t h e n  sorts  a n d  orients

t h e m  in pseudomolecules using directed adjacency networks.

Alternative sequences  a re  detected a n d  segregated in 2 different

haplotypes and ,  if t h e  external information relates  to a  chromo-

some, HaploSplit delivers chromosome-scale scaffolds.

External information can be  a  genetic m a p  composed of sorted

un ique  genomic markers  (Fig.2) and/or  t h e  genome assembly of a

closely rela ted  species (Supp lementa ry Fig.1). When both types of

information a re  u s e d  in hybrid mode,  t h e  genetic m a p  is u s e d  a s

primary information to genera te  draft  diploid pseudomolecules.

The guide genome is u s e d  subsequent ly  when  marke r  informa-

tion is insufficient. Phasing information between t h e  alternative

alleles is not  n e e d e d  a  priori; HaploSplit will detect  t h e  existing re-

lationship between haplotypes a n d  p h a s e  t h e m .  The tool is

tion a s  well a s  diploid assemblies  with inflated pr imary assem-

blies  d u e  to erroneous phasing. However, if t h e  relationship

between inpu t  sequences  is known, it can be  supplied to

HaploSplit a s  a  constrain t  to guide t h e  reconstruction. For exam-

ple, allelic information can be  given to avoid placing primary con-

tigs a n d  haplotigs in t h e  s a m e  haplotype.

If a  genetic m a p  is given a s  external evidence, HaploSplit first

assesses  markers ’  un iq u e n e s s  a n d  congruence in t h e  assembly.

Markers p resen t  a t  3 or more  locations in draft  sequences  a n d

markers  p resen t  twice in t h e  s a m e  draft  sequence  a re  considered

unreliable a n d  a re  excluded from fur ther  analysis. For each se-

quence containing a n  unreliable marker,  HaploSplit produces a

(a)

(b)

(c)

(d)

(e)

(f)

Fig. 1. The HaploSync pipeline builds and  refines haploid and  diploid
genome assemblies. The diploid-aware pipeline can deliver fully phased
diploid pseudomolecules using a  draft diploid assembly or diploid
pseudomolecules as  input. If draft sequences are used, Haplosplit first
separates the haplotypes into 2 pseudomolecule sets. Pseudomolecules
provided by the user or reconstructed with HaploSplit, then undergo
quality control with HaploDup. If errors are found, input  sequences can
be edited with HaploBreak prior to rebuilding the pseudomolecules with
HaploSplit. If no errors are detected and  there are unplaced sequences,
the pseudomolecule undergoes gap-filling with HaploFill. After each
filling iteration, quality control can be performed with HaploDup.
Finally, HaploMap can be used to identify colinear regions between
pseudomolecules.

Fig. 2. The HaploSplit procedure using genetic markers as  input. a) The
procedure identifies marker positions in the draft sequences. b) The
longest sorted set of markers is identified for each draft sequence. c)
Each sequence is assigned to a  unique genomic region in the m a p
(linkage group) and  oriented. d) A directed adjacency network of
nonoverlapping sequences is built for each linkage group connecting all
sequences with no overlapping ranges of genetic markers. Sequences
sharing markers are placed in separate network paths.  e) The tiling pa th
tha t  maximizes the number of covered markers is selected for the first
haplotype. f) Sequences belonging to the first haplotype are removed
from the adjacency network and  the second-best tiling pa th  is used to
scaffold the second haplotype.

https://github.com/andreaminio/haplosync
https://github.com/andreaminio/haplosync
academic.oup.com/g3journal/article-lookup/doi/10.1093/g3journal/jkac143#supplementary-data
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report  containing layered interactive plots (Suppleme ntary

Fig. 2), including t h e  sequence ’s  self-alignment, t h e  position of re-

liable a n d  duplicated genetic markers,  a n d  t h e  copy n u m b e r  of

anno t a t e d  genes if gene annota t ion is available. If t h e  inpu t  draft

sequence  is a  scaffold, its composition in t e r m s  of legacy contigs is

also included. These plots can be  u s e d  to investigate t h e  source of

marker  duplication within a  draft  sequence  a n d  to correct it

using ei ther  HaploBreak (see below) or a  const raint  file. After

identifying t h e  genetic markers  t h a t  a r e  reliable for scaffolding,

HaploSplit assigns draft  sequences  to a  chromosome based  on

their  largest se t  of consecutive marker s  (Fig. 2b), with their  orien-

tation based  on markers ’  order (Fig. 2c). If marke r  order does not

adequate ly define sequence  orientation (e.g. only 1 marker  is pre-

sent),  t h e  sequence  is aligned a n d  oriented based  on t h e  alterna-

tive haplotype (i.e. t h e  sequence  sharing t h e  s a m e  marker).  Once

each draft  sequence  is assigned unambiguously to a  chromo-

some, a  directed, weighted adjacency network is created for each

chromosome (Fig. 2d). Directed edges a re  created for each draft

sequence  with a  weight based  on t h e  n u m b e r  of markers  com-

posing t h e  sequence.  Directed edges with zero weight a r e  created

to connect sequences  without any common genetic marker

ranges. Then, 2 haplotypes for each genomic region a re  split into

different network pa ths .  The tiling p a t h  t h a t  maximizes t h e  n u m -

b e r  of genetic marker s  is u s e d  to scaffold t h e  first haplotype a n d

its draft  sequences  a re  removed from t h e  adjacency network

(Fig. 2e). The second-best  tiling p a t h  is selected from t h e  remain-

ing sequences  in t h e  network a n d  is scaffolded into t h e  second

haplotype (Fig. 2f).

If a  genome is u s e d  to guide scaffolding (Supp lementa ry Fig.

1), draft  sequences  a re  aligned on all guide genome sequences

with Minimap2 (Li 2018). Local a l ignments  a re  u s e d  to genera te

a  directed weighted adjacency network for t h e  query draft

sequence  a n d  each guide genome sequence.  Each draft  sequence

is associated with t h e  guide sequence  with which it sha res  t h e

highest  identity. Directed edges a re  created for each draft  se-

quence with a  significant a l ignment  on t h e  guide sequence.

Directed edges between nonoverlapping hi ts  a r e  a d d e d  to t h e  net-

work a n d  connected with a  weight of zero. For each adjacency

network, t h e  tiling p a t h  maximizing t h e  n u m b e r  of matching

bases  between t h e  draft  sequ ences  a n d  t h e  guide sequence  is

u s e d  to build t h e  first haplotype. The second haplotype is t h e n

scaffolded using t h e  second bes t  pa th .  As a  consequence of t h e

similarity-based scoring, haplotypes a re  built by combining t h e

draft  sequ ences  with t h e  highest  homology to t h e  guide genome

a t  t h e  risk of creating haplotype switches or over-fitting t h e  guide

genome ’s s t ructure.

When a  genetic m a p  a n d  a  guide genome a re  u s e d  in hybrid

mode, t h e  genetic m a p  is u s e d  a s  pr imary information to gener-

a te  draft  diploid pseudomolecules (Supp lementa ry Fig. 1). The

draft  pseudomolecules a n d  unplaced draft  sequences  a re  aligned

to t h e  guide genome. Then, a n  adjacency network is created for

each guide sequence  using t h e  draft  sequ ences  composing each

draft  pseudomolecule a n d  t h e  unplaced draft  sequences  t h a t  do

not  significantly overlap t h e  a l ignment  of t h e  draft  pseudomole-

cules. The 2 tiling p a t h s  with t h e  highest  identity with t h e  guide

sequence  a re  u s e d  for scaffolding t h e  2 haplotypes.

HaploSplit pe rmi t s  diverse, user-defined relationships be-

tween sequences  to constrain and /or  f ine- tune scaffolding. For

example,  t h e  relationship between t h e  haplotigs a n d  pr imary se-

quence defined by a  sequence  assembler  like Falcon Unzip can be

u s e d  to ma in t a in  consistency across alternat ive sequences.

Similarly, a  list of sequences  in specific linkage groups can be

given to guide their  p lacemen t  in pseudomolecule scaffolds.

HaploDup
HaploDup (Fig. 3 a n d  Suppleme ntary  Fig. 3) exerts  diploid-aware

quality control over pseudomolecule sequences.  HaploDup gen-

era tes  multiple  se ts  of interactive plots t h a t  allow t h e  use r  to

identify misassemblies  a n d  expose conflicts t h a t  prevent  correct

sequence  placement.  Misassemblies can be  caused  by erroneous

hybrid scaffolding (Supp lementa ry Figs. 2–4), a  lack of colinearity

information with t h e  guide genome (Supp lementa ry Fig. 5), or

incorrectly     sorted     genetic     markers      (Supplementa ry     Fig.6).

Misassemblies can be  inheri ted by downst ream assembly s teps  if

not  corrected (Fig. 3a).

To identify misassemblies  a n d  help p lan  a  correction strategy,

HaploDup     compares      pseudomolecule     sequences,      in tegrates

structural  (e.g. contigs a n d  scaffolds) a n d  fea ture  (e.g. marke rs

a n d  genes) information, a n d  produces interactive plots (Fig. 3).

Two kinds of plots a re  generated.  The first compares  alternative

haplotypes (Fig. 3a). The second visualizes unplaced sequences

with sufficient information to be  placed b u t  a r e  currently un-

placed among scaffolds because  of incompatibility with other

sequences;  t hese  a re  compared with t h e  2 alternative pseudomo-

lecules (Fig. 3b).

Alternative haplotype comparison

HaploDup produces a  report  for each alternative haplotype of

each linkage group (Fig. 3a). The report  includes layered plots: (1)

al ignment  of t h e  2 alternative haplotypes on t h e  target  haplo-

type; (2) t h e  target  sequence  s t ructure,  with 2 lines of sequences

a t  mos t  (if available); (3) marke r  position a n d  duplication s t a t u s

(if available).

The dotplot is essential  for visualizing colinear regions within

a n d  between pseudomolecules. Duplications, deletions, a n d

translocations can be  spot ted  by overlaying both haplotypes ’

alignments .  If this  information is intersected with t h e  s t ruc tur e

of inpu t  contigs or scaffolds, t h e n  it is possible to de t e rmine

whether  the s e  peculiari ties a re  real  or a re  technical errors. For

example,  a  region duplicated in 1 haplotype a n d  deleted in t h e

other  m ay  indicate t h a t  both alleles were placed in t h e  s a m e

scaffold ins tead  of one placed in each haplotype (red box in

Fig. 3). Genetic marker s  a n d  genes ’  positions also help identify as-

sembly errors. Genetic markers  t h a t  a r e  duplicated within t h e  ge-

nome assembly a re  indicative of misplaced alleles. When a  gene

annota t ion is available, HaploDup counts significant a l ignments

(>80% coverage a n d  identity) of each coding sequence  (CDS) on

its pseudomolecule of origin a n d  on t h e  alternative haplotype.

This is useful for spotting fused haplotypes when  t h e  whole ge-

nome dotplot lacks resolution. An unbalanced  n u m b e r  of gene

copies between haplotypes in a  given region can indicate a  deficit

of information or a  duplication error. With the se  plots, t h e  use r

can identify misassembled  regions. Misassemblies can be  solved

by providing ei ther  a  list of t h e  breakpoint coordinates of t h e  mis-

placed sequences  to HaploBreak or a  const raint  file to HaploSplit.

Comparison of unplaced sequences with the 2 haplotypes of
each pseudomolecule

HaploDup uses  external information to compare unplaced

sequences  to related pseudomolecules (Fig. 3b). The plot reports:

(1) a  comparison of associated pseudomolecules s t ruc ture s  in

t e r m s  of marke r s  a n d  sequence  content.  Structure  is reported on 2

levels (scaffolds in pu t  to HaploSplit a n d  their  composition in

t e r m s  of legacy contigs) when  t h e  requisi te information is avail-

able; (2) a  comparison of t h e  unplaced sequence  to t h e  associated

pseudomolecules in t e r m s  of markers  a n d  sequence  content  a t  2

academic.oup.com/g3journal/article-lookup/doi/10.1093/g3journal/jkac143#supplementary-data
academic.oup.com/g3journal/article-lookup/doi/10.1093/g3journal/jkac143#supplementary-data
academic.oup.com/g3journal/article-lookup/doi/10.1093/g3journal/jkac143#supplementary-data
academic.oup.com/g3journal/article-lookup/doi/10.1093/g3journal/jkac143#supplementary-data
academic.oup.com/g3journal/article-lookup/doi/10.1093/g3journal/jkac143#supplementary-data
academic.oup.com/g3journal/article-lookup/doi/10.1093/g3journal/jkac143#supplementary-data
academic.oup.com/g3journal/article-lookup/doi/10.1093/g3journal/jkac143#supplementary-data
academic.oup.com/g3journal/article-lookup/doi/10.1093/g3journal/jkac143#supplementary-data
academic.oup.com/g3journal/article-lookup/doi/10.1093/g3journal/jkac143#supplementary-data
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Fig. 3. Example of HaploDup’s interactive reports. The figure reports 2 static screenshots exemplifying HaploDup interactive output.  a) Assembly
quality control of M. rotundifolia chromosome 12 Haplotype 1: whole-sequence alignment of both alternative haplotypes on Haplotype 1, legacy contig
and  hybrid scaffold composition of Haplotype 1, position of the genetic markers and  the duplicated markers in Haplotype 1, number of significant
alignment(s) per gene of Haplotype 1 in each alternative haplotype. In this example, the composition in legacy contigs and  position of duplicated
markers indicate tha t  both alleles (primary contig and  haplotig) and  both marker copies were placed in a  hybrid scaffold (overlayed box). b) Unplaced
sequence quality control: Marker content is compared between pseudomolecules and  unplaced sequences to evaluate conditions tha t  prevent the
inclusion of a  specific unplaced sequence. Color-coding is used for better contextualization. Markers are color-coded based on their order in the map.
The structure of pseudomolecules and  unplaced sequences are represented with color-coded blocks. Blocks identify the composition in terms of draft
assembly sequences, color coding is used to show the existing relationships between the composing sequences (e.g. primary to haplotig relationships).
In this example, the presence of a  marker (overlayed box, the dark marker on the right of the contig) in the unplaced sequences far from its expected
position on the m a p  extends the expected coverage of the m a p  to the end of the linkage group and  prevents placement in any haplotype scaffold.

levels (scaffolds inpu t  to HaploSplit a n d  the ir  composition in

t e r m s  of legacy contigs); (3) a  comparison of t h e  ranges  of

markers  covered by t h e  unplaced sequence  a n d  t h e  ranges  cov-

ered by t h e  draft  sequences  composing t h e  pseudomolecules.

Markers a n d  their  relationship to sequences  can be  visualized.

Markers can be  color-coded based  on order. This plot he lps  re-

solve conflicts t h a t  prevent  sequ ence  p lacemen t  into linkage

groups. In Fig. 3b a n d  Suppleme ntary  Fig. 6, for example,  a  distal

academic.oup.com/g3journal/article-lookup/doi/10.1093/g3journal/jkac143#supplementary-data
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marker  is incorrectly ordered inside a n  unplaced sequence.  This

triggered its exclusion from any of t h e  pseudomolecules. Once

fixed, t h e  sequence  will be  placed.

HaploBreak
HaploBreak (Supplementar y Fig. 7) automatically searches  for

a n d  breaks sequences  a t  t h e  nea res t  known junction or a t  t h e

nea res t  gap. The coordinates of breakpoint pairs  a r e  given by t h e

use r  to e s t ima te  where sequences  should be  broken to correct

scaffolding errors. If a  scaffolding s t ruc tur e  is supplied by t h e

user,  t he se  junctions a re  prioritized to be  broken. If a  pair  of

breakpoints leads to 2 distinct scaffolding junctions, t h e  original

sequences  reported between t h e  2 junctions will be  excluded

from t h e  tiling pa th .  If ei ther  breakpoint in a  pair  is associated

with a  sequence  ins t ead  of a  junction, t h e  corresponding original

sequence  is broken on t h e  nea res t  gap (i.e. s t re tch of “N” charac-

ters between 2 contigs). For each pair  of breakpoint coordinates

queried  by t h e  user,  HaploBreak will do t h e  following procedure:

(1) search for scaffolding junctions closest to t h e  2 coordinates. If a

junction is found within t h e  defined sea rch limits, it is associ-

ated with t h e  breakpoint, else t h e  original sequences  a re

searched  for t h e  closest gap (i.e. a  region of “N” characters), (2)

break t h e  sequence.  If t h e  pair  of coordinates is associated with 2

distinct scaffolding junctions (or 1 junction a n d  t h e  e n d  of a n  in -

pu t  sequence), t h e  original sequence  between t h e m  is classified

a s  misplaced (i.e. “unwanted”  in t h a t  tiling path) .  If one or both

breakpoints a re  associated with a  gap in t h e  original sequence,

t h e  sequence  is broken a t  t h e  gap position.

HaploFill
A reference- independent  approach, HaploFill (Suppleme ntary

Fig. 8) uses  t h e  relationship between homologous pseudomole-

cule scaffolds to improve t h e  assembly ’s completeness  by inte-

grating unplaced sequences  where scaffolding gaps occur. Gaps

a re  created during scaffolding procedures  when  adjacent  regions

in t h e  pseudomolecule a re  assemble d  in sepa ra t e  sequences  a n d

lack sufficient information to connect t h e m.  Instead,  a  gap (i.e.

s t re tches  of “N” characters)  is inser ted  a s  placeholder. When

multiple scaffolding procedures  a re  performed, gaps defined in

previous iterations a re  inheri ted in t h e  s u b s e q u e n t  steps.

HaploFill u ses  several reference- indep endent  strategies to iden-

tify t h e  specific kind of gap a n d  t h e  correct filler sequences.

A gap in a  scaffold m ay  occur when  the r e  is insufficient reli-

able information to identify t h e  correct sequ ence  for t h e  region.

This can h a p p e n  when  the re  is a  lack of digestion si tes in optical

maps ,  a  shortage of marker s  for HaploSplit, or when  multiple al-

ternative sequences  a re  linked with proximity ligation d a t a  (e.g.

mate -pa i r  library, HiC libraries). A gap m ay  also occur in a  scaf-

fold when  t h e  sequence  is unavailable for placement .  This can

occur if it was not  assemble d  or if one consensus  sequence  was

produced from mult iple  genomic loci (e.g. repeats).  This might

also h a p p e n  in diploid assemblies  a t  homozygous regions where

no alternative sequence  is produced.

HaploFill is designed to recover gap information by comparing

t h e  gap region to t h e  sequence  p resen t  in t h e  alternative haplo-

type. First, unplaced sequences  a re  searched  for t h e  missing con-

calculate t h e  expected haploid d e p t h  of coverage with a

Savitzky–Golay filter for each pseudomolecule, excluding anno-

ta t ed  repetitive regions; (3) classify each region of t h e  genome a s

uncovered, haploid, diploid, a n d  repetit ive based  on t h e  ratio be-

tween t h e  d e p t h  of coverage a n d  t h e  expected haploid d e p t h  of

coverage. Thresholds can be  defined by t h e  user.  For each gap,

HaploFill extracts t h e  region u p s t r e a m  a n d  downs t ream of t h e

gap a n d  t h e  corresponding regions on t h e  alternative haplotype

to build support  sequences  t h a t  will assi s t  t h e  search for filler.

If t h e  alternative region is reliably diploid (i.e. ne i ther  repeti-

tive nor extensively gapped on t h e  opposite haplotype) HaploFill

will (1) create  a  hybrid support  sequ ence  m a d e  of t h e  regions

flanking t h e  gap a n d  t h e  regions corresponding to t h e  gap on t h e

alternative haplotype, (2) create  a n  alternat ive support  region

m a d e  of t h e  regions t h a t  correspond to a n d  flank t h e  gap on t h e

alternative haplotype. If t h e  region t h a t  corresponds to t h e  gap

on t h e  alternative haplotype is highly repetitive or gapped,

HaploFill will create  2 alternative support  sequences  m a d e  of t h e

regions flanking t h e  gap on t h e  2 haplotypes.

HaploFill will t h e n  search for gap filler among t h e  unplaced

sequences.  To do this, HaploFill will first m a p  unplaced sequen-

ces  onto all t h e  support  regions with Nucmer  (Març ais et al. 2018).

Unplaced sequ ences  a re  assigned globally in a  1-to-1 relationship

to supporting sequences.  Pairings a re  ranked based  on t h e  bases

t h a t  m a tc h  nonrepetitive portions of t h e  support  sequence  a n d

t h e  whole support  sequence.  Then, t h e  bes t  filler is assigned to

t h e  gap. Filler priority is given to t h e  hybrid support  region filler,

followed by t h e  alternative support  region, a n d  t h e n  to t h e

gapped support  regions. If no filler can be  validated to cover t h e

gap b u t  t h e  corresponding region is classified a s  diploid based  on

sequencing coverage, t h e  region is a s s u m e d  to be  homozygous.

In this  scenario, t h e  region on t h e  alternative haplotype corre-

sponding to t h e  gap is u s e d  a s  a  filler. Like HaploSplit, HaploFill

allows a  wide range of user-defined relationships between

sequences  to fine t u n e  t h e  filler selection procedure. For exam-

ple, t h e  relationship between t h e  primary a n d  haplotigs can be

u s e d  to consistently place alternative sequences.

HaploMake
HaploMake a u tom a t e s  t h e  conversion of sequences  a n d  annota-

t ions between different assembly versions. As input ,  it accepts

t h e  FASTA of t h e  genome a n d  a  s t ructural  file (e.g. AGP files, BED,

a n d  HaploFill ou tpu t  files) t h a t  describes t h e  new sequence  con-

figuration. If a  gene annotat ion,  markers,  or contig s t ruc tures  a re

given, HaploMake will automatically t rans la te  their  coordinates

relative to t h e  new sequence.  The e n d s  of adjacent  regions in t h e

s t ruc ture  files can be  checked for overlaps with Nucmer  (Març ais

et al. 2018). The coordinates of ad jacent  regions can be  corrected

by adjusting junction positions. This avoids duplicating genomic

content  in t h e  final sequence  a n d  can be  done without altering

t h e  gene annota t ion (Supplementar y Fig. 9).

HaploMap
HaploMap (Supplementa ry Fig. 10) performs a  pairwise compari-

son between haplotypes a n d  delivers a  pairwise tiling m a p  of co-

st i tuent .  If no sui table candidate  is found, t h e  gap is filled using linear, nonoverlapping, a n d  nonrepetit ive regions between

t h e  alternative allele’s sequence.

HaploFill does t h e  following steps.  First, HaploFill will try to

de te rmine  t h e  ploidy of each region using sequencing coverage

information: (1) align long or shor t  sequencing r eads  onto each

haplotype separately a n d  calculate t h e  base  coverage along each

pseudomolecule using Bedtools (Quinlan a n d  Hall 2010); (2)

different haplotypes. Like HaploSplit, local a l ignments  between

each pair  of sequ ences  a re  performed with Minimap2 (Li 2018) or

Nucmer  (Març ais et al. 2018). Hits a r e  u s e d  to create  a  weighted

adjacency graph  for identifying a  bidirectional tiling p a t h  t h a t

maximizes t h e  identity between t h e  2 sequences.  The coordi-

n a t e s  of t h e  colinear regions t h a t  form t h e  bidirectional tiling

academic.oup.com/g3journal/article-lookup/doi/10.1093/g3journal/jkac143#supplementary-data
academic.oup.com/g3journal/article-lookup/doi/10.1093/g3journal/jkac143#supplementary-data
academic.oup.com/g3journal/article-lookup/doi/10.1093/g3journal/jkac143#supplementary-data
academic.oup.com/g3journal/article-lookup/doi/10.1093/g3journal/jkac143#supplementary-data
academic.oup.com/g3journal/article-lookup/doi/10.1093/g3journal/jkac143#supplementary-data
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p a t h  a re  listed in a  pairwise, p h a s e d  m a p  of matching sequences.

Sequences a re  not  modified by HaploMap.

Testing da tase t s
HaploSync performance was tes ted  using a  wide range of species

a n d  assembly protocols (Table 1). The diploid Candida albicans

draft  assembly (Hamlin et al. 2019), built using PacBio reads  a n d

FalconUnzip (Chin et al. 2016), was anchored to chromosomes us-

ing t h e  genetic m a p  genera ted  by Forche et al. (2004). A diploid ge-

nome assembly of Arabidopsis thaliana Columbia-0 (Col-0)  Cape

Verde Islands (Cvi-0; Chin et al. 2016) was anchored using a  ge-

netic m a p  from Singer et al. (2006). The Bos taurus Angus

B r a h m a  genome from Koren et al. (2018) was assembled  using

FalconUnzip, anchored to chromosomes using t h e  genetic m a p

from Low et al. (2020), a n d  integra ted  with sex chromosome infor-

mat ion  from t h e  Integra ted  Bovine Map from Btau_4.0 release

assembly h a d  t h e  highest  s h a r e  of unplaced sequences  (5.2 Mb),

b u t  HaploFill recovered 17.9% of t h e  missing genomic content  in

one iteration. The final pseudomolecules were u p  to 97.9% com-

plete. Only 231 (3.8%) of 6,079 single-copy genes in t h e  reference

annota t ion mapping  on t h e  assembled  sequences  were not  repre -

sen ted  in t h e  pseudomolecules produced by HaploSplit. This

n u m b e r  was reduced to 182 (3.0%) in a  single iteration of

HaploFill. BUSCO analysis confirmed t h e  nearly complete separa-

t ion of alternative alleles with only 5 complete gene models

found in multiple  copies in Haplotype 1 (3 genes) a n d  Haplotype 2

(2 genes; Sup plementary  Table 1).

With 18.6 6 0.6 markers/Mb, t h e  genetic m a p  of B. taurus auto-

somal chromosomes was t h e  mos t  dense  out  of t h e  species u s e d

in this  study. HaploSplit produced pseudomolecules almost  iden-

tical in size to t h e  ARS-UCD1.2 genome assembly (Rosen et al.

2020), with Haplotype 1 pseudomolecules deviating by 0.7 6 0.7%

available     from     ht tps : / /www.hgsc.bcm.edu/other-mammals/bo          a n d  Haplotype 2 by 6.7 6 3.0% (Supp lementa ry Table 2 a n d

vine-genome-project. To support  t h e  assembly a n d  quality con-

trol of pseudomolecule reconstruction, t h e  locations of un i que

genes from t h e  respective reference annota t ions  (C. albicans

SC5314_A22, A. thaliana TAIR10, a n d  B. Taurus Btau_ARS-UCD1.2)

were identified by mapp ing  CDS sequences  on primary a n d  h a p -

lotig sequences  using GMAP (ver. 2019.09.12; Wu a n d  Watanabe

Supplementar y Fig. 11). HaploFill inser ted  151 Mb, mostly in

Haplotype 2 pseudomolecules, reducing missing information in

Haplotype 2 pseudomolecules to 1.4 6 1.9% of ARS-UCD1.2 chro-

mosome sizes. For sex chromosomes, only a  genetic m a p  of t h e  X

chromosome with low marker  density was available (2.1

markers/Mb, assembly ver. Btau_4.0 available a t  https://www.

2005). Unique gene models  were defined by mapping  CDS hgsc.bcm.edu/other-mammals/bovine-genome-project). As a

sequences  from t h e  reference genomes annota t ions  on t h e  re- consequence, HaploSplit’s performance dropped. HaploSplit re-

spective     reference     genome     sequences      using     GMAP     (ver. trieved 79.8% of t h e  expected 139 Mb X chromosome. However,

2019.09.12; Wu a n d  Watanabe,  2005). All CDS mapping  on multi-

ple locations in t h e  haploid genome were removed from t h e  data-

se t .  HaploFill was applied once to each of these  3 genomes. The

Vitis vinifera ssp. vinifera cv. Cabernet  Franc FPS clone 04 genome

was assemble d  a n d  scaffolded with PacBio reads  a n d  Dovetail

HiC d a t a  (Vondras et al. 2021). Muscadinia rotundifolia cv. Trayshed

contigs were assemb led  with FalconUnzip in hybrid scaffolds

t h a t  u s e d  BioNano NGM m a p s  (Cochetel et al. 2021). A Vitis con-

sensus genetic m a p  (Zou et al. 2020) was u s e d  to anchor both

genomes to chromosomes in HaploSplit a n d  followed by several

iterations of HaploFill.

Results  a n d  discussion
To evaluate  HaploSync’s performance, 5 diploid species from 3

different kingdoms were selected. This included a  M. rotundifolia,

V. vinifera, a n d  a n  F1 progeny of A. thaliana (Col-0  Cvi-0; Chin et

al. 2016), t h e  bull B. taurus Angus  B r a h m a  (Koren et al. 2018; Low

et al. 2020), a n d  pathogenic yeast  C. albicans. These species a re

diverse a n d  vary in genome size, chromosome n u m b e r ,  re-peat

content,  a n d  a m o u n t  of heterozygosity. Long sequencing reads,

genetic maps ,  a n d  public reference genomes a re  available for

those  species.

HaploSync adaptabili ty to different species
HaploSync produced high-quality genomes for all 5 species

(Table 1). The resulting assemblies  were nearly twice t h e  size of

their  original haploid assemblies,  with 1.87–2.03 their  gene

space repre sen ted  (Supplementar y Table 1). This indicates t h a t

mos t  of both haplotypes were assembled  separately. High-

density genetic m a p s  a n d  highly contiguous draft  assemblies  en-

abled HaploSplit to produce high-quality pseudomolecules t h a t

differed 5.8–17.8% from their  expected chromosome sizes. In 1 it-

eration, HaploFill increased assembly completeness  a n d  reduced

t h e  difference in length between haplotypes.

For C. albicans, t h e  limited n u m b e r  of markers  was u s e d  to a n -

chor 2.4 Mb of sequences  to pseudomolecules in HaploSplit. The

HaploFill reduced missing information to 9.7% (Suppleme ntary

Table 2 a n d  Supp lementa ry Fig. 11). Without marke r s  available,

t h e  length of t h e  Y chromosome was only 11% of its expected

size (4.5 Mb). The gene space was more  complete in t e r m s  of sin-

gle-copy reference genes. Only 7 of 57,974 single-copy CDSs map-

ping  on t h e  assembled  sequences  were not  placed in t h e  initial

pseudomolecules produced with HaploSplit. This was reduced to 5

by HaploFill. BUSCO analysis confirmed t h e  completeness  a n d  t h e

separat ion of t h e  alleles, with 92.5% complete gene models  found

in Haplotype 1 (1.3% in multiple  copies) a n d  86.8% in

Haplotype 2 (1.2% multiple copies; Suppleme ntary  Table 1).

In plants,  t h e  high level of polymorphism a n d  s t ructural  varia-

tion between haplotypes make  assembly a n d  phasing challenging

(Chin et al. 2016). The high level of heterozygosity in t h e  A. thali-

ana accession u s e d  to tes t  HaploSync is cause d by sequence  vari-

ation between its parents ,  Col-0 a n d  Cvi-0. This led to a  pr imary

assembly 17% longer a n d  haplotigs 11.8% shorter  (Chin et al.

2016) t h a n  t h e  haploid reference genome. After Haplosync, t h e  2

sets  of pseudomolecules differed by 3.6% a n d  6.3% from t h e  hap-

loid reference genome size. This suppor t s  t h e  tool’s ability to

p h a s e  duplicated primary content  between haplotypes. When

gene space completeness  was e s t ima te d  using single-copy genes

in t h e  reference annotat ion,  similar resul ts  were obtained. The

a m o u n t  of single-copy CDSs mapping  on t h e  assembled  sequen-

ces  repr esen t  t h e  99.7% of t h e  ent i re  d a t a s e t  (34,741 out  of

34,854). After HaploSplit, unplaced sequences  included 1,966 pu-

tative loci (5.7%). Of these,  261 (1.1%) were missing from t h e

pseudomolecules. HaploFill fu r ther  increased t h e  comple teness

of t h e  pseudomolecules to include 98.1% a n d  95.8% of t h e  gene

space in t h e  2 haplotypes. This reduced t h e  putative,  single-copy

CDS loci among unplaced sequences  to only 123. Over 97% com-

plete BUSCO gene models were complete in Haplotype 1 a n d  t h e

Haplotype 2, with only 1.3% a n d  1.5% in mult iple copies, respec-

tively (Supplementar y Table 1).

Vitis species can be  12% heterozygous (Velasco et al. 2007).

Assemblies of t h e  species can exhibit extensive loss of p h a s e  be-

tween primary sequences  a n d  associated haplotigs (Chin et al.

academic.oup.com/g3journal/article-lookup/doi/10.1093/g3journal/jkac143#supplementary-data
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Table 1. Assembly statistics.

Genotype Kingdom Haploid size Chromosomes Technology Markers (per Mb) Input  sequences Results a

HaploSplit HaploFill

C. albicans

A. thaliana

B. taurus

V. vinifera cv. Cabernet Franc

M. rotundifolia

Fungi

Plantae

Animalia

Plantae

Plantae

14 Mb 7 þ R

119 Mb 5

2.6 Gb (29þX) 2.5 Gb 29 þ XY
(29 þ Y)

487–557 Mbh 19

483 Mb 20

PacBiob

PacBiod

PacBiof

PacBio þ  Doveatil HiCi

PacBio þ  BioNanok

116 (8.3)c

676 (5.7)e

46,325 (17.6)g

1,661 (3.5)j

1,661 (3.5)l

Primary
Haplotigs
Total
Primary
Haplotigs
Total
Primary
Haplotigs
Total
Primary
Haplotigs
Total
Primary
Haplotigs
Total

15.5 Mb           Hap 1
13.8 Mb           Hap 2
29.2 Mb            Unpl
140.0 Mb         Hap 1
104.9 Mb         Hap 2
245.0 Mb          Unpl
2.7 Gb              Hap 1
2.5 Gb              Hap 2
5.2 Gb               Unpl
570.2 Mb         Hap 1
284.7 Mb         Hap 2
854.9 Mb          Unpl
459.5 Mbm         Hap 1
364.8 Mbn          Hap 2
896.0 Mb          Unpl

11.6 Mb
12.4 Mb
5.2 Mb

109.0 Mb
106.6 Mb
29.4 Mb

2.6 Gb (29þX)
2.3 Gb (29þY)

0.3 Gb
350.8 Mb
263.4 Mb
239.9 Mb
374.3 Mb
338.9 Mb
165.5 Mb

12.9 Mb
13.7 Mb
2.7 Mb

114.7 Mb
111.5 Mb
19.0 Mb

2.6 Gb (29þX)
2.5 Gb (29þY)

0.2 Gb
455.6 Mb
410.9 Mb
47.1 Mb
400.5 Mb
370.0 Mb
63.0 Mb

Summary statistics for the testing dataset.
a        Where Hap 1: Haplotype 1; Hap 2: Haplotype 2; Unpl: Unplaced sequences.
b        FalconUnzip (Hamlin et al. 2019).
c        Forche et al. (2004).
d        FalconUnzip (Chin et al. 2016).
e        Singer et al. (2006).
f       FalconUnzip (Koren et al. 2018).
g        Low et al. (2020) using the Integrated Bovine Map of sex chromosome (ver. Btau_4.0, https://www.hgsc.bcm.edu/other-mammals/bovine-genome-project).
h        Range of values as  reported for PN40024 in Jaillon et al. (2007) and  Cabernet Sauvignon in Cochetel et al. (2021).
i       FalconUnzip þ  SSPACE þ  HiRise (Vondras et al. 2021).
j       Zou et al. (2020).
k        FalconUnzip þ  Hybrid Scaffolder (Cochetel et al. 2021).
l       Zou et al. (2020).
m        Reported for FalconUnzip assembly as  haplotype separation is lost during Hybrid Scaffolding.
n        Reported for FalconUnzip assembly as  haplotype separation is lost during Hybrid Scaffolding.

https://www.hgsc.bcm.edu/other-mammals/bovine-genome-project
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2016; Roach et al. 2018; Minio et al. 2019; Vondras et al. 2019; Zhou et

al. 2019). In Caberne t  Franc, for example,  t h e  primary assembly is

inflated by 18.8% a n d  haplotigs a re  40.7% shor ter  t h a n  t h e

expected haploid genome size. HaploSync was able to overcome

these  limitations for both species a n d  placed over 93.0% of t h e

sequences  in p h a s e d  pseudomolecules t h a t  were no more  t h a n

9.8% different in size. HaploSplit also automatically placed a n d

correctly p h a s e d  t h e  grape sex determining region (Massonnet et

al. 2020) in Muscadinia a n d  Vitis species. Using t h e  un iq u e  CDS

sequences  from PN40024 a s  a  reference for Vitis gene space, 1,233

(6.2%) of genes could not  be  placed in Cabernet  Franc pseudomo-

lecules with HaploSplit a n d  223 (1.4%) of genes could not  be

placed in M. rotundifolia pseudomolecules. This fraction of gene

coding sequences  could not  be  placed because  of high fragmenta-

t ion a n d  low, uneven  marker  dens ity t h a t  negatively affected

pseudomolecule reconstruction performance. Several iterations

of HaploFill reduced t h e  n u m b e r  of unplaced CDSs to 0.3% for

both genomes. This included 91 a n d  46 un ique  genes among un-

placed sequences  for Cabernet  Franc a n d  Trayshed, respectively.

This highlights HaploFill’s ability to recover gene space informa-

tion. Completeness  a n d  phas ing of both Haplotypes was con-

firmed with BUSCO: 93% complete models in Haplotype 1 a n d

83% in Haplotype 2.

HaploSync performance adaptability to different
assembly procedures
HaploSync was applied to 2 grapes, M. rotundifolia cv. Trayshed

(Cochetel et al. 2021) a n d  V. vinifera cv. Cabernet  Franc (Vondras et

al. 2021), to assess  its adaptability to genomes assemblies  pro-

duced using different strategies. Although contigs were produced

with PacBio d a ta  a n d  FalconUnzip for both draft  assemblies,

Trayshed a n d  Cabernet  Franc were scaffolded with different tech-

nologies. M. rotundifolia unde rwen t  hybrid scaffolding with PacBio

a n d  a  NGM m ap ,  which m atches  optical fingerprints of DNA mole-

cules with assembled  sequences  digested in silico with t he  s a m e

enzyme. Gaps were introduced where there  was a  low density of

digestion sites. Systematic errors were observed a t  highly repetitive

a n d  heterozygous regions, including th e  RUN1/RPV1 locus on chro-

mosome 12 (Supplementary Fig. 2). The differential expansion of

TIR-NBS-LRR genes between haplotypes (Cochetel et al. 2021) m ay

have caused their  fusion in t he  s a m e  scaffold. These issues  af-

fected 50 hybrid scaffolds (326.2 Mb), required  correction, a n d  were

easily found with HaploDup. For Cabernet  Franc, scaffolding was

performed using HiC d a t a  t h a t  produced chimeric scaffolds du e  to

th e  presence of diploid information in th e  pr imary assembly. Both

haplotypes of 108 of scaffolds (449 Mb) were included in th e  s a m e

assembled  sequence (Supplementary Fig. 4).

After scaffold correction, both genome assemblies  were an-

chored to chromosomes using a  Vitis consensus genetic m a p  (Zou

et al. 2020). Low specificity a n d  marker  density (3.5 markers/Mb) af-

fected t he  construction of pseudomolecules by HaploSplit a n d  neg-

atively affected HaploSync’s performance. Cabernet  Franc was

most  affected, with only 350.8 a n d  263.4 Mb placed on Haplotype 1

a n d  Haplotype 2, respectively (i.e. 75% a n d  55% of t he  reference

haploid genome). Unpleaceable sequences  were nearly half of

unplaced. In contrast,  only 2 iterations of HaploFill were suffi-

cient to leave just  8% of Trayshed sequences  unplaced.

Haplotype 1 a n d  Haplotype 2 of Trayshed ’s pseudomolecules

were 400 a n d  370 Mb, respectively. The total sizes of both haplo-

types in both chromosome-scale assemblies  were similar to their

expected haploid reference genome sizes (Jaillon et al. 2007;

Canaguier et al. 2017) a n d  Cabernet  Sauvignon’s haplotypes (459

a n d  449 Mb, respectively; Massonnet  et al. 2020).

HaploSync performance a s s e s s m e n t
The performance of different HaploSync tools, in t e r m s  of resul t

quality a n d  processing time, is influenced by multiple  factors.

Unsurprisingly, t h e  genome size a n d  t h e  n u m b e r  of linkage

groups affect all assembly p h a s e s  a n d  t h e  du ra t ion of a l ignment

procedures. For HaploDup, HaploFill, HaploMap, HaploBreak, a n d

HaploMake, genome size de t e rmines  t h e  size of t h e  ou tp u t  a n d

how long al ignments  take to complete, which can consti tute over

90% of t h e  computational t ime. The n u m b e r  of linkage groups ex-

ponentially increases  t h e  n u m b e r  of comparisons a n d  plots

needed.  For example,  HaploDup required 40 h to process B. taurus,

which h a s  a  2.6 Gb haploid genome size in 30 linkage groups a n d

is t h e  largest d a t a s e t  u s e d  in this  study. Nearly 15 of the s e  hours

were consumed  by al ignment s  between sequences  while using 24

cores. Candida albicans is t h e  smalles t  da tase t ,  with 14 Mb in 8

linkage groups. In contrast  to B. taurus, t h e  s a m e  procedure re-

quired 75 min, with only 5 min dedicated to mapping.

HaploFill performance is also affected by th e  n u m b e r  of p ha se d

genomic sequences  in th e  pseudomolecules. Alternative pseudo-

molecules a re  th e  backbone t h a t  enables  th e  algorithm to retrieve

gap filling information. The completeness  of th e  pseudomolecules

directly affects th e  a mo un t  of information usable a s  support  for se-

quence placement.  Unplaced sequences  a re  information t h a t

might  be  recovered. The workflows adopted for A. thaliana a n d  for

th e  Vitis genotypes were selected based  on pseudomolecule com-

pleteness. The A. thaliana assembly h a d  relatively low sequence

fragmentation a n d  a  high-density m ap.  The pseudomolecules cre-

ated for A. thaliana with HaploSplit were fairly complete after  a  sin-

gle filling procedure. HaploSplit was less effective for Cabernet

Franc a n d  Trayshed because their  assemblies  were more  frag-

mented a n d  their  m a p s  were less dense.  The workflow used  for th e

grape genomes included several iterations of HaploFill to achieve

highly complete pseudomolecules (Supplementary Fig. 12).

HaploSplit is fast. It takes between a  few seconds a n d  1 m i n  to

build t h e  adjacency graph, traverse it, find t h e  2 bes t  tiling pa ths ,

a n d  report  t h e  s t ruc ture  of t h e  p h a s e d  pseudomolecules. In con-

trast,  t h e  inpu t  quality control a n d  t h e  a l ignment  between t h e

draft  sequences  a n d  t h e  guide genome in preparat ion for t h e

graph creation can be  t ime-consuming. HaploSplit resul t  quality

is affected by several factors. The disparity a n d  incomplete repre-

sentat ion of both alternat ive alleles affect t h e  completeness  of

t h e  diploid pseudomolecules produced a n d  necessi ta te  filling. A.

thaliana a n d  B. taurus a re  F1 progeny. Their considerable s t ruc-

tural  variability is cap tured  by t h e  FalconUnzip assembler,

which reconstructs t h e  alleles fully a n d  separately. In contrast,

Cabernet  Franc’s expected haploid genome size (240 Mb). Cabernet  Franc a n d  Trayshed have several homozygous regions

Trayshed’s assembly was more  complete; Haplotype 1 a n d

Haplotype 2 assemblies  were 374.3 a n d  338.8 Mb long, respectively.

Three iterations of HaploFill were performed on Cabernet

Franc’s assembly. Each iteration reduced unplaced sequences  by

nearly one-half (Supp lementa ry Fig. 12). The final Cabernet  Franc

pseudomolecules were 456 Mb (Haplotype 1) a n d  a  411 Mb

(Haplotype 2). Afterwards, 47 Mb (5.4%) of sequ ences  r e m a in e d

t h a t  were asse mbled  in a  single copy a n d  highly heterozygous

regions t h a t  increased t h e  fragmenta t ion of t h e  contigs by fooling

t h e  assembler  into overassembling t h e  primary sequences .  This

difference is reflected in HaploSplit’s results.  HaploSplit was able

to sepa r a t e  alleles a n d  deliver a  nearly complete diploid assembly

of A. thaliana a n d  B. taurus. Vitis required  a  more  extensive filling

procedure to recover t h e  missing information.

academic.oup.com/g3journal/article-lookup/doi/10.1093/g3journal/jkac143#supplementary-data
academic.oup.com/g3journal/article-lookup/doi/10.1093/g3journal/jkac143#supplementary-data
academic.oup.com/g3journal/article-lookup/doi/10.1093/g3journal/jkac143#supplementary-data
academic.oup.com/g3journal/article-lookup/doi/10.1093/g3journal/jkac143#supplementary-data
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HaploSplit can u s e  a  genetic m a p  and /or  a  guide-genome a s

information to facilitate scaffolding. We tes ted  how HaploSplit

performs given different scaffolding information using V. vinifera

cv. Cabernet  franc cl. 04 (Vondras et al. 2021). Reference genomes

of closely rela ted  accessions, PN40024 (Canaguier et al. 2017) a n d

Cabernet  Sauvignon (Massonnet et al. 2020), a r e  available.

Cabernet  Franc contigs were scaffolded (a) with t h e  genetic m a p

of Zou et al. (2020), (2) using t h e  PN40024 V2 assembly or t h e  first

haplotype of Cabernet  Sauvignon a s  guides, or (3) using both t h e

genetic m a p  a n d  a  guide genome. The reference-based approach

incorporated more  sequences  into pseudomolecules t h a n  when

only a  genetic m a p  was used .  As expected, t h e  bes t  resul ts  were

obtained using Cabernet  Sauvignon a s  a  reference, which sha res  1

allele with Cabernet  Franc. This approach, however, led to over-

fitting of t h e  scaffolding resul ts  to t h e  guide. Small s t ructural  var-

ian t s  in long draft  sequences  (Supplementar y Fig. 13, A boxes)

can find a  proper representa t ion thanks  to neighboring colinear

regions. Larger s t ructural  variants  t h a t  encompass  mult iple

sequences  m ay  fail to be  reported correctly together. Each draft

sequence  location is identified independent ly from t h e  others

based  on colinearity with guide genome, so p lacem ent  is based

on t h e  s t ruc ture  of guide sequences  r a the r  t h a n  their  actual order

(Supplementar y Fig. 13, B boxes). Moreover, gaps or t h e  lack of in-

formation in t h e  guide genome m ay  impede  t h e  recovery of novel

information. Only draft  sequences  t h a t  partially anchor within

p resen t  information can be  placed (Supp lementa ry Fig. 13, C

boxes). As a  consequence, f ragmented  draft  assemblies  a n d  t h e

second haplotype a re  prone to be  artificially similar to t h e  guide

genome. The hybrid approach performs better .  The reconstruc-

tion of both haplotypes is more  complete t h a n  t h e  m a p - b a s e d

approach, with t h e  second haplotype benefiting mos t  from this

strategy (Fig. 4a). Though no overassembly was observed, t h e

(a)

(b) (c)

Fig. 4. HaploSplit performance. a) The results of using different sources of external information and  HaploSplit protocols for V. vinifera cv. Cabernet
Franc cl. 04 (Vondras et al. 2021) assembly. Map-based assembly produces the largest first haplotype, but its overassembly occurs a t  the expense of the
second haplotype’s completeness. A map-based approach is conservative and  limited by the density of the markers. The hybrid approach recovers
more sequences where the m a p  is lacking information, without overassembling, and  delivers a  better reconstruction of both haplotypes. b) Effect of
limited marker availability on overall assembly length tested on B. taurus Angus  Brahma (Koren et al. 2018; Low et al. 2020) by subsampling the genetic
map.  Longer sequences are more likely to contain a  marker, making the first reconstructed haplotype most  complete across all tests and  with little
variation in size. As the number of available markers increases and  short sequences are included, the completeness of the second haplotype improves.
c) Effect of limited marker availability on the number of placed sequences tested on B. taurus Angus  Brahma (Koren et al. 2018; Low et al. 2020) by
subsampling the genetic map.  Increasing the number of markers as  fragmentation increases allows recruiting more sequences for scaffolding and
improves completeness. Haplotype 1, with long sequences, shows little variation. In contrast, Haplotype 2 greatly benefits from increased marker
density. The majority of sequences tha t  remained unplaced are short and  a  small fraction of the genome’s length.

academic.oup.com/g3journal/article-lookup/doi/10.1093/g3journal/jkac143#supplementary-data
academic.oup.com/g3journal/article-lookup/doi/10.1093/g3journal/jkac143#supplementary-data
academic.oup.com/g3journal/article-lookup/doi/10.1093/g3journal/jkac143#supplementary-data
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mapping  p h a s e  duplicated some alleles. Both copies of several

markers  occurred in t h e  s a m e  pseudomolecule scaffold when

Cabernet  Sauvignon (5 markers)  a n d  PN40024 (4 markers)  were

u s e d  a s  guides.

The effect of t h e  n u m b e r  of reliable genetic markers  on t h e

performance of HaploSplit was tes ted  on t h e  genome of B. taurus

Angus  B r a h m a  (Koren et al. 2018; Low et al. 2020). The s a m e  dip-loid

genome unde rwen t  chromosome-scale reconstruction using a

randomly selected subse t  of 479 marker s  (1%, 0.2 markers/Mb)

out  of its available genetic m a p  (46,323 markers,  17.6 marke r s /

Mb; Fig. 4, b  a n d  c a n d  Supplementar y Fig. 14). Unsurprisingly,

t h e  n u m b e r  of unplaced sequences  increased to 37% of t h e  total

assembly length given lower marker  density. HaploSplit found a

location in pseudomolecules for 99.4–100% of t h e  sequences  with

markers.  The performance of t h e  algorithm, in t e r m s  of com-

pleteness  of t h e  delivered pseudomolecules, is primarily influ-

enced by inpu t  assembly fragmenta t ion a n d  t h e  genetic m a p ’ s

marker  density. This limits t h e  n u m b e r  a n d  t h e  sizes of t h e

sequences  with markers.  The primary assembly is composed of

extremely long sequences  t h a t  likely contain marke rs  a n d  a re

placed even when  m a p  density is low. In contrast,  Haplotigs a re

more  f ragmented  a n d  require  high marker  density for compara-

ble  coverage. As a  result,  t h e  first haplotype assembly is more

complete even with fewer marker s  p re sen t  (Fig. 4, b  a n d  c).

In s u m m a ry ,  t h e  type a n d  quality of t h e  external guide infor-

mation have a  large effect on t h e  quality of t h e  final assembly. A

guide genome aids assembly via local sequence  al ignments;  lack

of homology between sequences  a n d  repetitive regions can cause

segregation errors (Supplementar y Fig. 6), misp lacements ,  a n d

overfitting to t h e  guide genome structure .  Genetic m a p s  a re  more

conservative, with t h e  un iq u e n e s s  of marker s  requiring a  coher-

ent  p lacemen t  within a  m a p ,  if a t  all. Moreover, errors in t h e  m a p

can be  more  easily ad dressed  by t h e  use r  t h a n  errors in t h e  guide

genome sequence.  The efficiency of HaploSync relies heavily on

m a p  precision (Supp lementa ry Fig. 6) a n d  t h e  density a n d  even-

ness  of its marker s  (Table 1).

Conclusions
These resul ts  emphas ize  t h e  importance of controlling a n d  cor-

recting t h e  sequ ences  u s e d  a s  inpu t  to HaploSplit to prevent  scaf-

folding errors. Although m a p  quality a n d  marker  density affect

pseudomolecule construction by HaploSplit, HaploFill genera ted

p h a s e d  assemblies  with few unplaced sequ ences  a n d  sizes simi-

lar to their  haploid reference genomes.

Sequencing technologies a n d  assembly tools a re  continuously

improving. HaploSync delivers assemblies  with unpreced en ted

quality a n d  contiguity t h a t  can provide novel insight into genome

st ruc ture  a n d  organization. The HaploSync sui te  of tools can be

u s e d  to ad dres s  some of t h e  remaining im p e d im e n t s  to genome

reconstruction a n d  improve assembly quality by taking advan-

tage of diploid information t h a t  is readily available. HaploSync

correctly a n d  completely p h a s e s  diploid genomes, reconstructs

pseudomolecules by recovering missing information, a n d  exerts

quality control over t h e  results.

Web resources
HaploSync is freely available for download a t  GitHub ht tps : / /

github.com/andreaminio/haplosync. Instructions for installation,

a  full list of dependencies,  a  description of each tool, a n d  tutorials

a re  available in HaploSync’s m a n u a l  (ht tps : / /gi thub.com/and rea

minio/HaploSync/tree/master /manual) .

Data availability
The d a t a  u s e d  in this  s tudy a re  summar iz e d  in Supplementa ry

Table 3. Pseudomolecule reconstructions of C. albicans NCYC4145

(Hamlin et al. 2019), A. thaliana Col-0  Cvi-0 (Chin et al. 2016), a n d  B.

taurus Angus  B r a h m a  (Koren et al. 2018) a re  available a t

Zenodo (https://zenodo.org/record/3987518, DOI: 10.5281/zen-

odo.3987518). Vitis vinifera cv. Cabernet  Franc cl. 04 (Vondras et al.

2021) a n d  M. rotundifolia cv. Trayshed (Cochetel et al. 2021) pseu-

domolecule assemblies  a re  available a t  www.grapegenomics.

com.

Supplemental  mater ia l  is available a t  G3 online.
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Marçais G, Delcher AL, Phillippy AM, Coston R, Salzberg SL, Zimin A.

MUMmer4: a  fast and  versatile genome alignment system. PLoS

Comput Biol. 2018;14(1):e1005944.

Massonnet M, Cochetel N, Minio A, Vondras AM, Lin J, Muyle A,

Garcia JF, Zhou Y, Delledonne M, Riaz S, et al. The genetic basis of

sex determination in grapes. Nat Commun.  2020;11(1):2902.

Miga KH, Koren S, Rhie A, Vollger MR, Gershman A, Bzikadze A, Brooks

S, Howe E, Porubsky D, Logsdon GA, et al. Telomere-to-telomere

Gong G, et al. A high resolution genetic m a p  anchoring scaffolds

of the sequenced watermelon genome. PLoS One. 2012;7(1):

e29453.

Rhoads A, Au KF. PacBio sequencing and  its applications. Genomics

Proteomics Bioinformatics. 2015;13(5):278–289.

Roach MJ, Schmidt SA, Borneman AR. Purge Haplotigs: allelic contig

reassignment for third-gen diploid genome assemblies. BMC

Bioinformatics. 2018;19(1):460.

Rosen BD, Bickhart DM, Schnabel RD, Koren S, Elsik CG, Tseng E,

Rowan TN, Low WY, Zimin A, Couldrey C, et al. De novo assembly

of the cattle reference genome with single-molecule sequencing.

GigaScience. 2020;9(3):1–9.

Singer T, Fan Y, Chang HS, Zhu T, Hazen SP, Briggs SP. A high-

resolution m a p  of Arabidopsis recombinant inbred lines by

whole-genome exon array hybridization. PLoS Genet. 2006;2(9):

e144.

Small KS, Brudno M, Hill MM, Sidow A. A haplome alignment and

reference sequence of the highly polymorphic Ciona savignyi ge-

nome. Genome Biol. 2007;8(3):R41.

Sun X, Jiao C, Schwaninger H, Chao CT, Ma Y, Duan N, Khan A, Ban S,

Xu K, Cheng L, et al. Phased diploid genome assemblies and  pan-

genomes provide insights into the genetic history of apple

domestication. Nat Genet. 2020;52(12):1423–1432.

Tamazian G, Dobrynin P, Krasheninnikova K, Komissarov A, Koepfli

KP, O’Brien SJ. Chromosomer: a  reference-based genome ar-

rangement tool for producing draft chromosome sequences.

GigaScience. 2016;5(1):11.

Tang H, Zhang X, Miao C, Zhang J, Ming R, Schnable JC, Schnable PS,

Lyons E, Lu J. ALLMAPS: robust scaffold ordering based on multi-

ple maps.  Genome Biol. 2015;16(1):3.

Velasco R, Zharkikh A, Troggio M, Cartwright DA, Cestaro A, Pruss D,

Pindo M, Fitzgerald LM, Vezzulli S, Reid J, et al. A high quality draft

consensus sequence of the genome of a  heterozygous grapevine

variety. PLoS One. 2007;2(12):e1326.

Vondras AM, Lerno L, Massonnet M, Minio A, Rowhani A, Liang D,

Garcia J, Quiroz D, Figueroa-Balderas R, Golino DA, et al.

Rootstock influences the effect of Grapevine leafroll-associated

viruses on berry development and  metabolism via abscisic acid

signalling. Mol Plant Pathol. 2021;22(8):984–1005.

Vondras AM, Minio A, Blanco-Ulate B, Figueroa-Balderas R, Penn MA,

Zhou Y, Seymour D, Ye Z, Liang D, Espinoza LK, et al. The genomic

diversification of grapevine clones. BMC Genomics. 2019;20(1):

972.

Wallberg A, Bunikis I, Pettersson OV, Mosbech MB, Childers AK,

Evans JD, Mikheyev AS, Robertson HM, Robinson GE, Webster

MT. A hybrid de novo genome assembly of the honeybee, Apis

mellifera, with chromosome-length scaffolds. BMC Genomics.

2019;20(1):275.

Wu TD, Watanabe CK. GMAP: a  genomic mapping and  alignment

program for mRNA and  EST sequences. Bioinformatics. 2005;

21(9):1859–1875.



D
ow

nloaded from
 https://academ

ic.oup.com
/g3journal/article/12/8/jkac143/6605224 by guest on 01 A

pril 2023

12     |     G3, 2022, Vol. 12, No. 8

Ying H, Hayward DC, Cooke I, Wang W, Moya A, Siemering KR,

Sprungala S, Ball EE, Forêt S, Miller DJ. The whole-genome se-

quence of the coral Acropora millepora. Genome Biol Evol. 2019;

11(5):1374–1379.

Zhou P, Li Z, Magnusson E, Cano FG, Crisp PA, Noshay JM, Grotewold

E, Hirsch CN, Briggs SP, Springer NM. Meta gene regulatory net-

works in maize highlight functionally relevant regulatory inter-

actions. Plant Cell. 2020;32(5):1377–1396.

Zhou Y, Minio A, Massonnet M, Solares E, Lv Y, Beridze T, Cantu  D,

Gaut BS. The population genetics of structural variants in grape-

vine domestication. Nat Plants. 2019;5(9):965–979.

Zou C, Karn A, Reisch B, Nguyen A, Sun Y, Bao Y, Campbell MS,

Church D, Williams S, Xu X, et al. Haplotyping the Vitis collinear

core genome with rhAmpSeq improves marker transferability in a

diverse genus. Nat Commun.  2020;11(1):413.

Communicating editor: G. de los Campos


