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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 strat-
egy. Although algorithms that produce partially phased assem-
blies exist, haploid draft assemblies that may lack biological in-
formation 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 se-
quences and resolves collapsed homozygous regions. In a series
of plant, fungal, and animal kingdom case studies, we demon-
strate that HaploSync efficiently increases the assembly conti-
guity of phased chromosomes, improves completeness by filling
gaps, corrects scaffolding, and correctly phases highly heterozy-
gous, complex regions.
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Introduction

Affordable high-throughput DNA sequencing and novel as-
sembly tools have made high-quality genome assemblies and
genome research attainable and abundant. Long-read DNA
sequencing technologies, like those developed by Oxford
Nanopore Technologies and Pacific Biosciences, are now the
preferred methods for reference genome sequencing. The as-
semblies produced using these technologies are more con-
tiguous and complete than assemblies constructed using short
sequencing reads and better represent repetitive content (1—
4). Another important advantage of long-read sequencing
is the ability to generate phased diploid assemblies. Previ-
ously, genome complexity due to heterozygosity was typ-
ically handled by generating a haploid representation of a
diploid genome either by collapsing heterozygous sites into
a consensus sequence or by including only one allele’s se-
quence (5-10).

Partially phased assemblies have revealed genomic complex-
ities that were inaccessible in previous haploid representa-
tions, such as haplotype-specific structural variation events,
trait-associated alleles, and allele-specific gene expression

and methylation (11-16). However, phasing of diploid as-
semblies remains challenging for complex genomes. High
heterozygosity and repetitive content often prevent phasing in
diploid regions. This inflates the primary assembly (17, 18)
and can impair scaffolding procedures that use the primary
assembly as input.

Hybrid approaches that integrate additional independent data,
such as optical maps or chromatin structure, help scaffold
draft genome assemblies up to full-length chromosomes (19—
22). Several genetic map-based and reference-guided scaf-
folding tools have been developed (23-26). However, these
tools do not use the relationship between haplotypes to aid the
assembly process. Consequently, constructing chromosome-
scale pseudomolecules using these tools relies on the phas-
ing accuracy of the draft genome, the density of genetic
map markers, or similarity to a related species’ genome
(24, 26, 27). Though quality control is an integral part of
the assembly procedure, the relationship between haplotypes
is never included in quality control processes.

Here, we present HaploSync, an open-source package that
scaffolds, refines, and fully phases diploid and chromosome-
anchored genomes. HaploSync leverages the relationship
between haplotypes to improve the quality and accuracy
of assemblies, separates haplotypes while reconstructing
chromosome-scale pseudomolecule sequences, and recovers
a location for genomic regions that cannot be placed during
other assembly steps. Quality controls are implemented at
each step to check for and correct assembly errors. Hap-
loSync was benchmarked using five diploid species with dif-
ferent levels of heterozygosity from the plant, animal, and
fungal kingdoms. For each species, HaploSync delivered a
completely phased, chromosome-scaled genome with a qual-
ity comparable to the assemblies considered as references
for each species. HaploSync, its manual, and tutorials for
its use are freely available at https://github.com/
andreaminio/haplosync.

Materials and methods

HaploSync has six modules: HaploSplit, HaploDup, Haplo-
Break, HaploFill, HaploMake, and HaploMap. The overall
HaploSync workflow is summarized in Fig. 1. HaploSync ac-
cepts draft genome sequences or assembled pseudomolecules
as input, preferably with minimally collapsed heterozygous
sequences and no haploid consensus sequences. Allele phas-
ing is unnecessary a priori. The tool is applicable to conven-
tional haploid and diploid-aware assemblies.
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Fig. 1: The HaploSync pipeline builds and refines haploid and diploid genome
assemblies. The diploid-aware pipeline can deliver fully phased diploid pseudo-
molecules using a draft diploid assembly or diploid pseudomolecules as input. If
draft sequences are used, Haplosplit first separates the haplotypes into two pseu-
domolecule 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.

A. HaploSplit. HaploSplit uses external information to as-
sociate draft assembly sequences with original chromosomes,
then sorts and orients them in pseudomolecules using di-
rected adjacency networks. Alternative sequences are de-
tected and segregated in two different haplotypes and, if the
external information relates to a chromosome, HaploSplit de-
livers chromosome-scale scaffolds.

External information can be a genetic map composed of
sorted unique genomic markers (Fig. 2) and/or the genome
assembly of a closely related species (Supplemental figure
1). When both types of information are used in hybrid mode,
the genetic map is used as primary information to generate
draft diploid pseudomolecules. The guide genome is used
subsequently when marker information is insufficient. Phas-
ing information between the alternative alleles is not needed
a priori; HaploSplit will detect the existing relationship be-
tween haplotypes and phase them. The tool is capable of han-
dling diploid assemblies lacking phasing information as well
as diploid assemblies with inflated primary assemblies due to
erroneous phasing. However, if the relationship between in-
put sequences is known, it can be supplied to HaploSplit as
a constraint to guide the reconstruction. For example, allelic
information can be given to avoid placing primary contigs
and haplotigs in the same haplotype.

If a genetic map is given as external evidence, HaploSplit
first assesses markers’ uniqueness and congruence in the as-
sembly. Markers present at three or more locations in draft
sequences and markers present twice in the same draft se-
quence, are considered unreliable and are excluded from
further analysis. For each sequence containing an unreli-
able marker, HaploSplit produces a report containing layered
interactive plots (Supplemental figure 2), including the se-
quence’s self-alignment, the position of reliable and dupli-
cated genetic markers, and the copy number of annotated
genes if gene annotation is available. If the input draft se-
quence is a scaffold, its composition in terms of legacy con-
tigs is also included. These plots can be used to investigate
the source of marker duplication within a draft sequence and
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to correct it using either HaploBreak (see below) or a con-
straint file. After identifying the genetic markers that are
reliable for scaffolding, HaploSplit assigns draft sequences
to a chromosome based on their largest set of consecutive
markers (Fig. 2B), with their orientation based on markers’
order (Fig. 2C). If marker order does not adequately define
sequence orientation (e.g., only one marker is present), the
sequence is aligned and oriented based on the alternative hap-
lotype (i.e. the sequence sharing the same 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 are created for
each draft sequence with a weight based on the number of
markers composing the sequence. Directed edges with zero
weight are created to connect sequences without any com-
mon genetic marker ranges. Then, two haplotypes for each
genomic region are split into different network paths. The
tiling path that maximizes the number of genetic markers is
used to scaffold the first haplotype and its draft sequences are
removed from the adjacency network (Fig. 2E). The second-
best tiling path is selected from the remaining sequences in
the network and is scaffolded into the second haplotype (Fig.
2F).

If a genome is used to guide scaffolding (Supplemental fig-
ure 1), draft sequences are aligned on all guide genome se-
quences with Minimap2 (28). Local alignments are used to
generate a directed weighted adjacency network for the query
draft sequence and each guide genome sequence. Each draft
sequence is associated with the guide sequence with which
it shares the highest identity. Directed edges are created for
each draft sequence with a significant alignment on the guide
sequence. Directed edges between non-overlapping hits are
added to the network and connected with a weight of zero.
For each adjacency network, the tiling path maximizing the
number of matching bases between the draft sequences and
the guide sequence is used to build the first haplotype. The
second haplotype is then scaffolded using the second best
path.

When a genetic map and a guide genome are used in hy-
brid mode, the genetic map is used as primary information
to generate draft diploid (Supplemental figure 1). The draft
pseudomolecules and unplaced draft sequences are aligned
to the guide genome. Then, an adjacency network is created
for each guide sequence using the draft sequences composing
each draft pseudomolecule and the unplaced draft sequences
that do not significantly overlap the alignment of the draft
pseudomolecules. The two tiling paths with the highest iden-
tity with the guide sequence are used for scaffolding the two
haplotypes.

HaploSplit permits diverse, user-defined relationships be-
tween sequences to constrain and/or fine-tune scaffolding.
For example, the relationship between the haplotigs and pri-
mary sequence defined by a sequence assembler like Falcon
Unzip can be used to maintain consistency across alterna-
tive sequences. Similarly, a list of sequences in specific link-
age groups can be given to guide their placement in pseudo-
molecule scaffolds.
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Fig. 2: The HaploSplit procedure using genetic markers as input. A) The pro-
cedure 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 map (linkage group) and oriented. D) A directed ad-
jacency network of non-overlapping sequences is built for each linkage group con-
necting all sequences with no overlapping ranges of genetic markers. Sequences
sharing markers are placed in separate network paths. E) The tiling path that max-
imizes the number of covered markers is selected for the first haplotype. F) Se-
quences belonging to the first haplotype are removed from the adjacency network
and the second-best tiling path is used to scaffold the second haplotype.

B. HaploDup. HaploDup (Fig. 3 and Supplemental figure
3) exerts diploid-aware quality control over pseudomolecule
sequences. HaploDup generates multiple sets of interactive
plots that allow the user to identify misassemblies and expose
conflicts that prevent correct sequence placement. Misassem-
blies can be caused by erroneous hybrid scaffolding (Supple-
mental figure 2 Supplemental figure 3 Supplemental figure
4), a lack of colinearity information with the guide genome
(Supplemental figure 5), or an incorrect sorting of genetic
markers (Supplemental figure 6). Misassemblies can be in-
herited by downstream assembly steps if not corrected (Fig.
3A).
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B HaploDup

To identify misassemblies and help plan a correction strategy,
HaploDup compares pseudomolecule sequences, integrates
structural (e.g., contigs and scaffolds) and feature (e.g., mark-
ers and genes) information, and produces interactive plots
(Fig. 3). Two kinds of plots are generated. The first compares
alternative haplotypes (Fig. 3 A). The second visualizes un-
placed sequences with sufficient information to be placed but
are currently unplaced among scaffolds because of incompat-
ibility with other sequences; these are compared to the two
alternative pseudomolecules (Fig. 3 B).

B.1. Alternative haplotype comparison. HaploDup produces
a report for each alternative haplotype of each linkage group
(Fig. 3A). The report includes layered plots: i) alignment of
the two alternative haplotypes on the target haplotype; ii) the
target sequence structure, with two lines of sequences at most
(if available); iii) marker position and duplication status (if
available).

The dotplot is essential for visualizing colinear regions within
and between pseudomolecules. Duplications, deletions, and
translocations can be spotted by overlaying both haplotypes’
alignments. If this information is intersected with the struc-
ture of input contigs or scaffolds, then it is possible to de-
termine whether these peculiarities are real or are technical
errors. For example, a region duplicated in one haplotype
and deleted in the other may indicate that both alleles were
placed in the same scaffold instead of one placed in each hap-
lotype (red box in Fig. 3). Genetic markers and genes’ po-
sitions also help identify assembly errors. Genetic markers
that are duplicated within the genome assembly are indicative
of misplaced alleles. When a gene annotation is available,
HaploDup counts significant alignments (>80% coverage and
identity) of each CDS on its pseudomolecule of origin and
on the alternative haplotype. This is useful for spotting fused
haplotypes when the whole genome dotplot lacks resolution.
An unbalanced number of gene copies between haplotypes in
a given region can indicate a deficit of information or a du-
plication error. With these plots, the user can identify misas-
sembled regions. Misassemblies can be solved by providing
either a list of the breakpoint coordinates of the misplaced
sequences to HaploBreak or a constraint file to HaploSplit.

B.2. Comparison of unplaced sequences with the two haplo-
types of each pseudomolecule. HaploDup uses external in-
formation to compare unplaced sequences to related pseudo-
molecules (Fig. 3B). The plot reports: i) a comparison of as-
sociated pseudomolecules structures in terms of markers and
sequence content. Structure is reported on two levels (scaf-
folds input to HaploSplit and their composition in terms of
legacy contigs) when the requisite information is available;
ii) a comparison of the unplaced sequence to the associated
pseudomolecules in terms of markers and sequence content
at two levels (scaffolds input to HaploSplit and their com-
position in terms of legacy contigs); iii) a comparison of the
ranges of markers covered by the unplaced sequence and the
ranges covered by the draft sequences composing the pseu-
domolecules.

Markers and their relationship to sequences can be visual-
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ized. Markers can be color-coded based on order. This plot
helps resolve conflicts that prevent sequence placement into
linkage groups. In Fig. 3B and Supplemental figure 6, for
example, a distal marker is incorrectly ordered inside an un-
placed sequence. This triggered its exclusion from any of the
pseudomolecules. Once fixed, the sequence will be placed.

C. HaploBreak. HaploBreak (Supplemental figure 7) auto-
matically searches for and breaks sequences at the nearest
known junction or at the nearest gap. The coordinates of
breakpoint pairs are given by the user to estimate where se-
quences should be broken to correct scaffolding errors. If a
scaffolding structure is supplied by the user, these junctions
are prioritized to be broken. If a pair of breakpoints leads to
two distinct scaffolding junctions, the original sequences re-
ported between the two junctions will be excluded from the
tiling path. If either breakpoint in a pair is associated with
a sequence instead of a junction, the corresponding original
sequence is broken on the nearest gap (i.e. stretch of “N”
characters between two contigs). For each pair of breakpoint
coordinates queried by the user, HaploBreak will do the fol-
lowing procedure: (i) search for scaffolding junctions closest
to the two coordinates. If a junction is found within the de-
fined search limits, it is associated with the breakpoint, else
the original sequences are searched for the closest gap (i.e.
a region of “N” characters), (ii) break the sequence. If the
pair of coordinates is associated with two distinct scaffolding
junctions (or one junction and the end of an input sequence),
the original sequence between them is classified as misplaced
(i.e. "unwanted" in that tiling path). If one or both break-
points is associated with a gap in the original sequence, the
sequence is broken at the gap position.

D. HaploFill. A reference-independent approach, HaploFill
(Supplemental figure 8) uses the relationship between ho-
mologous pseudomolecule scaffolds to improve the assem-
bly’s completeness by integrating unplaced sequences where
scaffolding gaps occur. Gaps are created during scaffolding
procedures when adjacent regions in the pseudomolecule are
assembled in separate sequences and lack sufficient informa-
tion to connect them. Instead, a gap (i.e. stretches of “N”
characters) is inserted as placeholder. When multiple scaf-
folding procedures are performed, gaps defined in previous
iterations are inherited in the subsequent steps. HaploFill
uses several reference-independent strategies to identify the
specific kind of gap and the correct filler sequences.

A gap in a scaffold may occur when there is insufficient re-
liable information to identify the correct sequence for the re-
gion. This can happen when there are a lack of digestion
sites in optical maps, a shortage of markers for HaploSplit, or
when multiple alternative sequences are linked with proxim-
ity ligation data (e.g., mate-pair library, HiC libraries). A gap
may also occur in a scaffold when the sequence is unavail-
able for placement. This can occur if it was not assembled or
if one consensus sequence was produced from multiple ge-
nomic loci (e.g., repeats). This might also happen in diploid
assemblies at homozygous regions where no alternative se-
quence is produced.

4 | bioRxiv

HaploFill is designed to recover gap information by compar-
ing the gap region to the sequence present in the alternative
haplotype. First, unplaced sequences are searched for the
missing constituent. If no suitable candidate is found, the
gap is filled using the alternative allele’s sequence.
HaploFill does the following steps. First, HaploFill will try
to determine the ploidy of each region using sequencing cov-
erage information: (i) align long or short sequencing reads
onto each haplotype separately and calculate the base cov-
erage along each pseudomolecule using Bedtools (29); (ii)
calculate the expected haploid depth of coverage with a Sav-
itzky—Golay filter for each pseudomolecule, excluding an-
notated repetitive regions; (iii) classify each region of the
genome as uncovered, haploid, diploid, and repetitive based
on the ratio between the depth of coverage and the expected
haploid depth of coverage. Thresholds can be defined by the
user. For each gap, HaploFill extracts the region upstream
and downstream of the gap and the corresponding regions on
the alternative haplotype to build support sequences that will
assist the search for filler.

If the alternative region is reliably diploid (i.e. neither
repetitive nor extensively gapped on the opposite haplotype)
HaploFill will (i) create a hybrid support sequence made of
the regions flanking the gap and the regions corresponding
to the gap on the alternative haplotype, (ii) create an alter-
native support region made of the regions that correspond
to and flank the gap on the alternative haplotype. If the re-
gion that corresponds to the gap on the alternative haplotype
is highly repetitive or gapped, HaploFill will create two al-
ternative support sequences made of the regions flanking the
gap on the two haplotypes.

HaploFill will then search for gap filler among the unplaced
sequences. To do this, HaploFill will first map unplaced se-
quences onto all the support regions with Nucmer (30). Un-
placed sequences are assigned globally in a 1-to-1 relation-
ship to supporting sequences. Pairings are ranked based on
the bases that match non-repetitive portions of the support se-
quence and the whole support sequence. Then, the best filler
is assigned to the gap. Filler priority is given to the hybrid
support region filler, followed by the alternative support re-
gion, and then to the gapped support regions. If no filler can
be validated to cover the gap but the corresponding region is
classified as diploid based on sequencing coverage, the region
is assumed to be homozygous. In this scenario, the region on
the alternative haplotype corresponding to the gap is used as
a filler. Like HaploSplit, HaploFill allows a wide range of
user defined relationships between sequences to fine tune the
filler selection procedure. For example, the relationship be-
tween the primary and haplotigs can be used to consistently
place alternative sequences.

E. HaploMake. HaploMake automates the conversion of se-
quences and annotations between different assembly ver-
sions. As input, it accepts the FASTA of the genome and
a structural file (e.g., AGP files, BED, and HaploFill out-
put files) that describes the new sequence configuration. If
a gene annotation, markers, or contig structures are given,
HaploMake will automatically translate their coordinates rel-
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Fig. 3: Example of HaploDup’s interactive reports. The figure reports two 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 that both alleles (primary contig and haplotig) and both marker
copies were placed in a hybrid scaffold (red box). B) Unplaced sequence quality control: Marker content is compared between pseudomolecules and unplaced sequences to
evaluate conditions that 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 (green box, the dark violet marker on the left of the contig) in the unplaced sequences far from its expected position on the map extends the expected coverage
of the map to the end of the linkage group and prevents placement in any haplotype scaffold.
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ative to the new sequence. The ends of adjacent regions in
the structure files can be checked for overlaps with Nucmer
(30). The coordinates of adjacent regions can be corrected
by adjusting junction positions. This avoids duplicating ge-
nomic content in the final sequence and can be done without
altering the gene annotation (Supplemental figure 9).

F. HaploMap. HaploMap (Supplemental figure 10) per-
forms a pairwise comparison between haplotypes and deliv-
ers a pairwise tiling map of colinear, non-overlapping, and
non-repetitive regions between different haplotypes. Like
HaploSplit, local alignments between each pair of sequences
are performed with Minimap2 (28) or Nucmer (30). Hits are
used to create a weighted adjacency graph for identifying a
bidirectional tiling path that maximizes the identity between
the two sequences. The coordinates of the colinear regions
that form the bidirectional tiling path are listed in a pairwise,
phased map of matching sequences.

G. Testing datasets. HaploSync performance was tested
using a wide range of species and assembly protocols (Ta-
ble 1). The diploid Candida albicans draft assembly (31),
built using PacBio reads and FalconUnzip (17), was an-
chored to chromosomes using the genetic map generated by
(32). A diploid genome assembly of Arabidopsis thaliana
Columbia-0 (Col-0) X Cape Verde Islands (Cvi-0) (17) was
anchored using a genetic map from (33). The Bos tau-
rus Angus x Brahma genome from (34) was assembled us-
ing FalconUnzip, anchored to chromosomes using the ge-
netic map from (12), and integrated with sex chromosome
information from the Integrated Bovine Map from Btau_4.0
release available from https://www.hgsc.bcm.edu/
other-mammals/bovine-genome-project. To
support the assembly and quality control of pseudomolecule
reconstruction, the locations of unique genes from the re-
spective reference annotations (C. albicans SC5314_A22, A.
thaliana TAIR10, B. Taurus Btau_ARS-UCD1.2) were iden-
tified by mapping CDS sequences on primary and haplotig
sequences using GMAP (ver. 2019.09.12 (35)). Unique gene
models were defined by mapping CDS sequences from the
reference genomes annotations on the respective reference
genome sequences using GMAP (ver. 2019.09.12 (35)). All
CDS mapping on multiple locations in the haploid genome
were removed from the dataset. HaploFill was applied once
to each of these three genomes. The Vitis vinifera ssp.
vinifera cv. Cabernet Franc FPS clone 04 genome was as-
sembled and scaffolded with PacBio reads and Dovetail HiC
data (36). Muscadinia rotundifolia cv. Trayshed contigs were
assembled with FalconUnzip in hybrid scaffolds that used
BioNano NGM maps (37). A Vitis consensus genetic map
(38) was used to anchor both genomes to chromosomes in
HaploSplit and followed by several iterations of HaploFill.

Results and discussion

To evaluate HaploSync’s performance, five diploid species
from three different kingdoms were selected. This included a
Muscadinia rotundifolia, Vitis vinifera, and an F1 progeny of
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Arabidopsis thaliana (Col-0 x Cvi-0) (17) ,the bull B. tau-
rus Angus x Brahma (12, 34), and pathogenic yeast Can-
dida albicans. These species are diverse and vary in genome
size, chromosome number, repeat content, and amount of het-
erozygosity. Long sequencing reads, genetic maps, and pub-
lic reference genomes are available for those species.

H. HaploSync adaptability to different species. Hap-
loSync produced high-quality genomes for all five species
(Table 1). The resulting assemblies were nearly twice the
size of their original haploid assemblies, with 1.87X to 2.03X
their gene space represented (Supplemental table 1). This
indicates that most of both haplotypes were assembled sep-
arately. High-density genetic maps and highly contiguous
draft assemblies enabled HaploSplit to produce high-quality
pseudomolecules that differed 5.8 - 17.8% from their ex-
pected chromosome sizes. In one iteration, HaploFill in-
creased assembly completeness and reduced the difference
in length between haplotypes.

For C. albicans, the limited number of markers were used to
anchor 2.4 Mbp of sequences to pseudomolecules in Hap-
loSplit. The assembly had the highest share of unplaced
sequences (5.2Mbp), but HaploFill recovered 17.9% of the
missing genomic content in one iteration. The final pseu-
molecules were up to 97.9% complete. Only 231 (3.8%) of
6,079 single copy genes in the reference annotation map-
ping on the assembled sequences were not represented in
the pseudomolecules produced by HaploSplit. This number
was reduced to 182 (3.0%) in a single iteration of HaploFill.
BUSCO analysis confirmed the nearly complete separation of
alternative alleles with only five complete gene models found
in multiple copies in Haplotype 1 (3 genes) and Haplotype 2
(2 genes) (Supplemental table 1).

With 18.6 + 0.6 markers/Mbp, the genetic map of B.
taurus autosomal chromosomes was the most dense out
of the species used in this study. HaploSplit produced
pseudomolecules almost identical in size to the ARS-
UCD1.2 genome assembly (39), with Haplotype 1 pseu-
domolecules deviating by 0.7 = 0.7% and Haplotype 2
by 6.7 + 3.0% (Supplemental table 2, Supplemental fig-
ure 11). HaploFill inserted 151 Mbp, mostly in Hap-
lotype 2 pseudomolecules, reducing missing information
in Haplotype 2 pseudomolecules to 1.4 + 1.9% of ARS-
UCD1.2 chromosome sizes. For sex chromosomes, only
a genetic map of the X chromosome with low marker
density was available (2.1 markers/Mbp, assembly ver.
Btau_4.0 available at https://www.hgsc.bcm.edu/
other-mammals/bovine-genome—-project). As a
consequence, HaploSplit’s performance dropped. HaploS-
plit retrieved 79.8% of the expected 139 Mbp X chromo-
some. However, HaploFill reduced missing information to
9.7% (Supplemental table 2, Supplemental figure 11). With-
out markers available, the length of the Y chromosome was
only 11% of its expected size (4.5 Mbp). The gene space was
more complete in terms of single copy reference genes. Only
7 of 57,974 single copy CDSs mapping on the assembled se-
quences were not placed in the initial pseudomolecules pro-
duced with HaploSplit. This was reduced to 5 by HaploFill.
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BUSCO analysis confirmed the completeness and the separa-
tion of the alleles, with 92.5% complete gene models found
in Haplotype 1 (1.3% in multiple copies) and 86.8% in Hap-
lotype 2 (1.2% multiple copies) (Supplemental table 1).

In plants, the high level of polymorphism and structural vari-
ation between haplotypes make assembly and phasing chal-
lenging (17).

The high level of heterozygosity in the A. thaliana accession
used to test HaploSync is caused by sequence variation be-
tween its parents, Col-0 and Cvi-0. This led to a primary
assembly 17% longer and haplotigs 11.8% shorter (17) than
the haploid reference genome. After Haplosync, the two
sets of pseudomolecules differed by 3.6% and 6.3% from
the haploid reference genome size. This supports the tool’s
ability to phase duplicated primary content between haplo-
types. When gene space completeness was estimated using
single-copy genes in the reference annotation, similar results
were obtained. The amount of single copy CDSs mapping
on the assembled sequences represent the 99.7% of the entire
dataset (34,741 out of 34,854). After HaploSplit, unplaced
sequences included 1,966 putative loci (5.7%). Of these, 261
(1.1%) were missing from the pseudomolecules. HaploFill
further increased the completeness of the pseudomolecules
to include 98.1% and 95.8% of the gene space in the two
haplotypes. This reduced the putative, single copy CDS loci
among unplaced sequences to only 123. Over 97% complete
BUSCO gene models were complete in Haplotype 1 and the
Haplotype 2, with only 1.3% and 1.5% in multiple copies,
respectively (Supplemental table 1).

Vitis species can be 12% heterozygous (40). Assemblies of
the species can exhibit extensive loss of phase between pri-
mary sequences and associated haplotigs (17, 18, 41-43). In
Cabernet Franc, for example, the primary assembly is inflated
by 18.8% and haplotigs are 40.7% shorter than the expected
haploid genome size. HaploSync was able to overcome these
limitations for both species and placed over 93.0% of the se-
quences in phased pseudomolecules that were no more than
9.8% different in size. HaploSplit also automatically placed
and correctly phased the grape sex determining region (13)
in Muscadinia and Vitis species. Using the unique CDS se-
quences from PN40024 as a reference for Vitis gene space,
1,233 (6.2%) of genes could not be placed in Cabernet Franc
pseudomolecules with HaploSplit and 223 (1.4%) of genes
could not be placed in M. rotundifolia pseudomolecules. This
fraction of gene coding sequences could not be placed be-
cause of high fragmentation and low, uneven marker density
that negatively affected pseudomolecule reconstruction per-
formance. Several iterations of HaploFill reduced the num-
ber of unplaced CDSs to 0.3% for both genomes. This in-
cluded 91 and 46 unique genes among unplaced sequences
for Cabernet Franc and Trayshed, respectively. This high-
lights HaploFill’s ability to recover gene space information.
Completeness and phasing of both Haplotypes was confirmed
with BUSCO: 93% complete models in Haplotype 1 and 83%
in Haplotype 2.

I. HaploSync performance adaptability to different as-
sembly procedures. HaploSync was applied to two grapes,
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M. rotundifolia cv. Trayshed (37) and V. vinifera cv. Caber-
net Franc (36), to assess its adaptability to genomes assem-
blies produced using different strategies. Although contigs
were produced with PacBio data and FalconUnzip for both
draft assemblies, Trayshed and Cabernet Franc were scaf-
folded with different technologies. M. rotundifolia under-
went hybrid scaffolding with PacBio and a NGM map, which
matches optical fingerprints of DNA molecules with assem-
bled sequences digested in silico with the same enzyme.
Gaps were introduced where there was a low density of diges-
tion sites. Systematic errors were observed at highly repet-
itive and heterozygous regions, including the RUN1/RPV1
locus on chromosome 12 (Supplemental figure 2). The dif-
ferential expansion of TIR-NBS-LRR genes between haplo-
types (37) may have caused their fusion in the same scaf-
fold. These issues affected 50 hybrid scaffolds (326.2 Mbp),
required correction, and were easily found with HaploDup.
For Cabernet Franc, scaffolding was performed using HiC
data that produced chimeric scaffolds due to the presence
of diploid information in the primary assembly. Both hap-
lotypes of 108 of scaffolds (449 Mbp) were included in the
same assembled sequence (Supplemental figure 4).

After scaffold correction, both genome assemblies were an-
chored to chromosomes using a Vitis consensus genetic map
(38). Low specificity and marker density (3.5 markers/Mbp)
affected the construction of pseudomolecules by HaploSplit
and negatively affected HaploSync’s performance. Cabernet
Franc was most affected, with only 350.8 Mbp and 263.4
Mbp placed on Haplotype 1 and Haplotype 2, respectively
(i.e. 75% and 55% of the reference haploid genome). Un-
pleaceable sequences were nearly half of Cabernet Franc’s
expected haploid genome size (240Mbp). Trayshed’s assem-
bly was more complete; Haplotype 1 and Haplotype 2 assem-
blies were 374.3 Mbp and 338.8 Mbp long, respectively.
Three iterations of HaploFill were performed on Cabernet
Franc’s assembly. Each iteration reduced unplaced sequences
by nearly one half (Supplemental figure 12). The final Caber-
net Franc pseudomolecules were 456 Mbp (Haplotype 1)
and a 411 Mbp (Haplotype 2). Afterwards, 47 Mbp (5.4%)
of sequences remained unplaced. In contrast, only two it-
erations of HaploFill were sufficient to leave just 8% of
Trayshed sequences unplaced. Haplotype 1 and Haplotype
2 of Trayshed’s pseudomolecules were 400 Mbp and 370
Mbp, respectively. The total sizes of both haplotypes in
both chromosome-scale assemblies were similar to their ex-
pected haploid reference genome sizes (44, 45) and to Caber-
net Sauvignon’s haplotypes (459 Mbp and 449 Mbp, respec-
tively) (13).

J. HaploSync performance assessment. The perfor-
mance of different HaploSync tools, in terms of result qual-
ity and processing time, are influenced by multiple factors.
Unsurprisingly, the genome size and the number of link-
age groups affect all assembly phases and the duration of
alignment procedures. For HaploDup, HaploFill, HaploMap,
HaploBreak, and HaploMake, genome size determines the
size of the output and how long alignments take to com-
plete, which can constitute over 90% of the computational
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time. The number of linkage groups exponentially increase
the number of comparisons and plots needed. For example,
HaploDup required 40 hours to process B. taurus, which has
a 2.6 Gbp haploid genome size in 30 linkage groups and is
the largest dataset used in this study. Nearly 15 of these hours
were consumed for alignments between sequences while us-
ing 24 cores. C. albicans is the smallest dataset, with 14 Mbp
in 8 linkage groups. In contrast to B. taurus, the same proce-
dure required 75 minutes, with only 5 minutes dedicated to
mapping.

HaploFill performance is also affected by the number of
phased genomic sequences in the pseudomolecules. Alter-
native pseudomolecules are the backbone that enable the al-
gorithm to retrieve gap filling information. The complete-
ness of the pseudomolecules directly affects the amount of
information usable as support for sequence placement. Un-
placed sequences are information that might be recovered.
The workflows adopted for A. thaliana and for the Vitis geno-
types were selected based on pseudomolecule completeness.
The A. thaliana assembly had relatively low sequence frag-
mentation and a high density map. The pseudomolecules
created for A. thaliana with HaploSplit were fairly complete
after a single filling procedure. HaploSplit was less effec-
tive for Cabernet Franc and Trayshed because their assem-
blies were more fragmented and their maps were less dense.
The workflow used for the grape genomes included several
iterations of HaploFill to achieve highly complete pseudo-
molecules (Supplemental figure 12).

HaploSplit is fast. It takes between a few seconds and one
minute to build the adjacency graph, traverse it, find the two
best tiling paths, and report the structure of the phased pseu-
domolecules. In contrast, the input quality control and the
alignment between the draft sequences and the guide genome
in preparation for the graph creation can be time-consuming.
HaploSplit result quality is affected by several factors. The
disparity and incomplete representation of both alternative al-
leles affects the completeness of the diploid pseudomolecules
produced and necessitates filling. A. thaliana and B. taurus
are F1 progeny. Their considerable structural variability is
captured by the FalconUnzip assembler, which reconstructs
the alleles fully and separately. In contrast, Cabernet Franc
and Trayshed have several homozygous regions that were as-
sembled in a single copy and highly heterozygous regions
that increased the fragmentation of the contigs by fooling the
assembler into overassembling the primary sequences. This
difference is reflected in HaploSplit’s results. HaploSplit was
able to separate alleles and deliver a nearly complete diploid
assembly of A. thaliana and B. taurus. Vitis required a more
extensive filling procedure to recover the missing informa-
tion.

HaploSplit can use a genetic map and/or a guide-genome as
information to facilitate scaffolding. We tested how HaploS-
plit performs given different scaffolding information using
Vitis vinifera cv. Cabernet franc cl. 04 (36). Reference
genomes of closely related accessions, PN40024 (45) and
Cabernet Sauvignon (13), are available. Cabernet Franc con-
tigs were scaffolded (i) with the genetic map of (38), (ii) us-
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ing the PN40024 V2 assembly or the first haplotype of Caber-
net Sauvignon as guides, or (iii) using both the genetic map
and a guide genome. The reference-based approach incorpo-
rated more sequences into pseudomolecules than when only a
genetic map was used. As expected, the best results were ob-
tained using Cabernet Sauvignon as a reference, which shares
one allele with Cabernet Franc. This approach, however, led
to overfitting of the scaffolding results to the guide. Small
structural variants in long draft sequences (Supplemental fig-
ure 13 A boxes) can find a proper representation thanks to
neighbouring colinear regions. Larger structural variants that
encompass multiple sequences may fail to be reported cor-
rectly together. Each draft sequence location is identified in-
dependently from the others based on colinearity with guide
genome, so placement is based on the structure of guide se-
quences rather than their actual order (Supplemental figure
13 B boxes). Moreover, gaps or the lack of information in the
guide genome may impede the recovery of novel information.
Only draft sequences that partially anchor within present in-
formation can be placed (Supplemental figure 13 C boxes).
As a consequence, fragmented draft assemblies and the sec-
ond haplotype are prone to be artificially similar to the guide
genome. The hybrid approach performs better. The recon-
struction of both haplotypes is more complete than the map-
based approach, with the second haplotype benefiting most
from this strategy (Fig. 4 A). Though no overassembly was
observed, the mapping phase duplicated some alleles. Both
copies of several markers occured in the same psedomolecule
scaffold when Cabernet Sauvignon (5 markers) and PN40024
(4 markers) were used as guides.

The effect of the number of reliable genetic markers on
the performance of HaploSplit was tested on the genome
of B. taurus Angus x Brahma (12, 34). The same diploid
genome underwent chromosome scale reconstruction using
a randomly selected subset of 479 markers ( 1%, 0.2 mark-
ers/Mbp) out of its available genetic map (46,323 markers,
17.6 markers/Mbp; Fig. 4 B and C, Supplemental figure 14).
Unsurprisingly, the number of unplaced sequences increased
to 37% of the total assembly length given lower marker den-
sity. HaploSplit found a location in pseudomolecules for
99.4% to 100% of the sequences with markers. The perfor-
mance of the algorithm, in terms of completeness of the de-
livered pseudomolecules, is primarily influenced by input as-
sembly fragmentation and the genetic map’s marker density.
This limits the number and the sizes of the sequences with
markers. The primary assembly is composed of extremely
long sequences that likely contain markers and are placed
even when map density is low. In contrast, Haplotigs are
more fragmented and require high marker density for com-
parable coverage. As a result, the first haplotype assembly
is more complete even with fewer markers present (Fig. 4 B
and C).

In summary, the type and quality of the external guide infor-
mation have a large effect on the quality of the final assem-
bly. A guide genome aids assembly via local sequence align-
ments; lack of homology between sequences and repetitive
regions can cause segregation errors (Supplemental figure 6),
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Fig. 4: HaploSplit performance A) The results of using different sources of exter-
nal information and HaploSplit protocols for Vitis vinifera cv. Cabernet Franc cl. 04
(36) assembly. Map-based assembly produces the largest first haplotype, but its
overassembly occurs at 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 map 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 x Brahma (12, 34) by subsampling the genetic map. Longer sequences are
more likely to contain a marker, making the first reconstructed haplotype most com-
plete 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 sec-
ond haplotype improves. C) Effect of limited marker availability on the number of
placed sequences tested on B. taurus Angus x Brahma (12, 34) by subsampling
the genetic map. Increasing the number of markers as fragmentation increases
allows recruiting more sequences for scaffolding and improves completeness. Hap-
lotype 1, with long sequences, shows little variation. In contrast, Haplotype 2 greatly
benefits from increased marker density. The majority of sequences that remained
unplaced are short and a small fraction of the genome’s length.

misplacements, and overfitting to the guide genome structure.
Genetic maps are more conservative, with the uniqueness of
markers requiring a coherent placement within a map, if at
all. Moreover, errors in the map can be more easily addressed
by the user than errors in the guide genome sequence. The ef-
ficiency of HaploSync relies heavily on map precision (Sup-
plemental figure 6) and the density and evenness of its mark-
ers (Table 1).

Conclusions

These results emphasize the importance of controlling and
correcting the sequences used as input to HaploSplit to pre-
vent scaffolding errors. Although map quality and marker
density affect pseudomolecule construction by HaploSplit,
HaploFill generated phased assemblies with few unplaced se-
quences and sizes similar to their haploid reference genomes.
Sequencing technologies and assembly tools are continu-
ously improving. HaploSync delivers assemblies with un-
precedented quality and contiguity that can provide novel
insight into genome structure and organization. The Hap-
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loSync suite of tools can be used to address some of the re-
maining impediments to genome reconstruction and improve
assembly quality by taking advantage of diploid information
that is readily available. HaploSync correctly and completely
phases diploid genomes, reconstructs pseudomolecules by re-
covering missing information, and exerts quality control over
the results.

Web resources

HaploSync is freely available for download at GitHub
https://github.com/andreaminio/haplosync.

Instructions for installation, a full list of depen-
dencies, a description of each tool, and tutori-
als are available in HaploSync’s manual (https:

//github.com/andreaminio/HaploSync/tree/
master/manual).

Data availability

The data used in this study are summarized in Supplemental
table 3. Pseudomolecule reconstructions of Candida albicans
NCYC4145 (31), Arabidopsis thaliana Columbia-0 (Col-0)
X Cape Verde Islands (Cvi-0) (17), and Bos taurus Angus x
Brahma (34) are available at Zenodo (https://zenodo.
org/record/3987518, DOI 10.5281/zenodo.3987518).
Vitis vinifera cv. Cabernet Franc cl. 04 (36) and Muscadinia
rotundifolia cv. Trayshed (37) pseudomolecule assemblies
are available at www . grapegenomics.com.
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Table 1: Assembly statistics
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) Total 29.2 Mbp Unpl. 5.2 Mbp 2.7 Mbp
A 676 Primary 140.0 Mbp Hapl 109.0 Mbp 114.7 Mbp
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2.6 Gbp 2.6 Gbp
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2.49 Gbp (760" | Haplotigs ~ 2.5Gbp | Hap2  (29+Y) (29+Y)

(29 +Y) Total 5.2 Gbp Unpl. 0.3 Gbp 0.2 Gbp
V. vinifera cv. 487 Mbp Pa(f'_BiO 1.661 Primary 570.2Mbp | Hapl 350.8 Mbp 455.6 Mbp
Cabernet Plantae - 19 . e 8 Haplotigs  284.7 Mbp Hap2 263.4Mbp 410.9 Mbp
Franc 557 Mbp Doveatil 3-5) Total 8549 Mbp | Unpl. 239.9Mbp 47.1 Mbp
M PacBio 1,661 Primary  459.5 Mbp :; Hapl 3743 Mbp 400.5 Mbp
g Plantae 483 Mbp 20 + Haplotigs 364.8 Mbp Hap2 338.9Mbp 370.0 Mbp

rotundifolia BioNano ? (3.5) 10

Total 896.0 Mbp Unpl. 165.5Mbp  63.0 Mbp

1. FalconUnzip Hamlinet al. (2019) (31)

2. Forche et al. (2004) (32)

3. FalconUnzip, Chinet al. (2016) (17)

. Singer et al. (2006) (33)

. 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) (1

4
5. FalconUnzip, Koren et al. (2018) (46)
6
7

. Haploid genome size estimated to be in the range 487-557 Mbp as reported for PN40024 in (44) and Cabernet Sauvignon in (37), FalconUnzip + SSPACE + HiRise, Vondras et al. (202

?)
8. Zou et al. (2020) (38)

9. FalconUnzip + Hybrid Scaffolder, Cochetel et al. (2021) (37)

10. Zou et al. (2020) (38)

11. Reported for FalconUnzip assembly as haplotype separation is lost during Hybrid Scaffolding

12. Reported for FalconUnzip assembly as haplotype separation is lost during Hybrid Scaffolding
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Supplemental figure 1: HaploSplit workflow diagrams for genome guided pseudomolecule reconstruction and hybrid reconstruction with both map and guide genome information. HaploSplit reconstructs pseudomolecules using colinearity with,
guide genome to sort sequences into different haplotypes. i) Query draft sequences are aligned onto the guide genome and used to build a directed adjacency network of non-overlapping hits. ii) The tiling path that maximizes the number of identical bas
between the query and guide sequence is selected. iii) A directed adjacency network of all query sequences associated with a guide sequence is created . iv) The tiling path with the highest number of identical bases with the guide sequence is used to gener:
the first haplotype. v) Sequences belonging to the first haplotype are removed from the adjacency network and the second-best tiling path is used to scaffold the second haplotype. In hybrid mode, after performing the reconstruction with the genomic map!
intermediate pseudomolecules and unplaced sequences are mapped on the genome are mapped on the guide genome; ii) location of each draft input sequence composing the pseudomolecule is translated from whole sequence local alignments; iii) an adjacel
graph graph of all mapped draft sequences is created ; iv) the two best tiling paths are identified and final pseudomolecules are delivered.
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Supplemental figure 2: HaploSplit input QC interactive plot. Example of interactive plot generate by HaploSplit to perform a a quality control of the input sequences as a intra-sequence duplication of genetic markers has been detected. The self alignment
the sequence is performed by 1 Kbp windows to increase the resolution of duplicated regions identification. Markers present in the sequence and duplicated ones, are also reported and, when available, the sequence structure and the gene copy count tracks
layered to support the duplication analysis. The plot evince and example of systematic errors observed in correspondence to highly repetitive and heterozygous regions when FalconUnzip produced contigs undergo Hybrid Scaffolding with BioNano NGM ma|
In the example, RUN1/RPV1 locus on chromosome 12 (same as Figure 3). Different expansion of TIR-NBS-LRR genes between haplotypes is the probable cause the fusion of both haplotypes of the region in the same scaffold. These issues affected 50 hyb
scaffolds (326.2Mbp) requiring correction.
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Supplemental figure 3: Schematic representation of HaploDup procedure. Diagram of HaploDup data usage to create Quality Control interactive plots
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Supplemental figure 4: Example of assembly error due to scaffolding of primary sequences with Dovetail HiC data. Scaffolding FalconUnzip produced primary contigs with HiC data produced chimeric scaffolds. This is due to the presence of both haploty,
information in the overassembled primary primary set of contigs. As a result, one haplotype is split to accommodate the alternative one inside. For Cabernet Franc, correction was required by 108 of scaffolds encompassing 449Mbp.
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PN40024 Chromosome 02

Supplemental figure 5: Example of errors due to lack of overlap. Lack of colinearity information in the sequences extremities in HaploSplit may not allow a proper identification of homologous sequences. The example here reported shows an example. Plot
was made using Nucmer and reporting all alignment hits without filtering, It is evident that the inner extremity of the two inserted sequences (in grey) do actually represent the same genomic region (in green). Due to the alignment with Minimap on the genome,
however, the projection of the sequences on the guide genome did not report the conflicting overlap, thus allowing the placement of both sequences in the same pseudomolecule scaffold.
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Supplemental figure 6: Example of errors due to marker sorting errors. Erroneous sorting order of markers may not allow placement of a sequence because of conflicting map coverage.

caused HaploSync to overestimate the extension of the range covered markers, making it impossible to place the draft sequence in any haplotype.
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Supplemental figure 7: Schematic representation of HaploBreak procedure. HaploBreak selects appropriate breakpoints in mis-assembled regions by either breaking sequences at the closest scaffolding junction or gap. i) Given a pair of breakpoint
coordinates, HaploBreak searches for the closest junction. If a scaffolding junction is found, it is associated with the breakpoint. Otherwise, the breakpoint is associated with the closest gap. ii) Then, HaploBreak breaks the assembly. If a pair of coordinates is

associated with two different scaffolding junctions, the sequence between the coordinates is classified as misplaced. Otherwise, the sequence is broken at the gap.
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Supplemental figure 8: Schematic of the HaploFill procedure. HaploFill procedure: i) calculates sequencing coverage along each pseudomolecule, ii) evaluates the ploidy and repetitiveness along each pseudomolecule using the sequencing depth informati
and the repeat annotation, respectively , and iii) classifies each region of the genome based on the expected haploid depth of coverage; iv) for each gap, HaploFill identifies the corresponding region on the alternative haplotype and generates support sequenc
and maps unplaced sequences on support sequences; v) the best filling information is assigned to the gap, prioritizing (in order of importance) the hybrid support region filler, the alternative support region filler, then the gap support region filler; vi) if the gap i
diploid but cannot be filled, the region on the alternative haplotype corresponding to the gap is used as filler.
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Supplemental figure 9: Schematic of the HaploMake procedure. HaploMake does an overlap-free sequence reconstruction without detrimentally affecting the gene annotation. When overlaps between sequences occur, the coordinates are corrected to
duplicating genomic content.
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Supplemental figure 10: Schematic of the HaploMap procedure. HaploMap reports a map of the relationship between the two haplotypes. i) HaploMap performs local alignments between each pair of sequences , ii) the tiling path that maximizes the identity
between both sequences is found, and iii) the coordinates of colinear regions in the bi-dimensional tiling path are reported.
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Supplemental figure 11: Results of B. taurus pseudomolecules reconstruction after HaploSplit and after HaploFill. Reconstructed pseudomolecule are compared in size to the ARS-UCD1.2 genome chromosome sequences. Each plots report a bar graph
of the actual sizes and in terms of difference percentage from ARS-UCD1.2 genome chromosomes the expected genome size. In HaploSplit Haplotype 1 pseudomolecules deviate only by 0.7+0.7% form the expected size, Haplotype 2 by 6.7+3.0%. HaploFill
further reduces the divergence, mostly in Haplotype 2 pseudomolecules where it goes down to 1.4+1.9%.


https://doi.org/10.1101/2021.11.11.468134
http://creativecommons.org/licenses/by-nc-nd/4.0/

Number of genes Length (Mbp) Number of genes

Length (Mbp)

30000

20000

10000

400

30

S

20

S

10

S

30000

20000

10000

400

20

S

Muscadinia rotundifolia cv. Trayshed

unoQ susn

0z1S Alqwessy aAle|nwNY

Corrected Hybrid HaploSplit HaploFill
Scaffolds Iteration 1

HaploFill
Iteration 2

Vitis vinifera cv. Cabernet Franc

N0 auen

0zI1S Alqwessy aAle|nWND

Correcte'd Hybrid HapI'OSpIit HapioFiII
Scaffolds Iteration 1
Stage

. Haplotype1/Primary . Haplotype2/Haplotigs

HaploFill
Iteration 2

. Unplaced

HaploFill
Iteration 3

Gap size

"8sud9I| [reuoneuIBIul 0"t AN-DN-Ag-DDeR Japun a|qe|iene
apeuw si 1] ‘Aumadiad ur judaid sy Aejdsip 01 asuadl| e AlxHolg pajuelb sey oym ‘Japunj/ioyine ay) si (mainal 1aad Ag payiniao Jou sem
yoiym) Jundaad siyy Joy sapjoy ybuAdod syl zzoz ‘¢ Ae palsod uoisian siy) ‘yET891 TT'TT T202/TOTT 0T/Bi0"10p//:sdny :1op Jundaid AixHoIlg

Supplemental figure 12: Results of HaploSync reconstruction of M. rotundifolia cv. Trayshed and V. vinifera cv. Cabernet Franc. Overview of pseudomolecule reconstruction results for the two Vitis species. The graphs reports both pseudomolecule

sequence size and gene content at each step of HaploSync pipeline.
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Supplemental figure 13: Guide genome overfitting Dotplots comparing chromosome 12 and chromosome 13 of PN40024, Cabernet Sauvignon and Cabernet Franc, reconstructed with HaploSplit using PN40024 or Cabernet Sauvignon as guide genome, to
the sequences of PN40024 and Cabernet Sauvignon. A boxes (green): Structural variants present in Cabernet Franc are reported in the results when part of long draft sequences. B boxes (red): Draft sequence location an orientation are placed accordance to
the guide genome structure. With higher fragmentation (ex. sequences used for the second haplotype) increases also the overfit to the guide genome. C boxes (blue): Lack of information in the guide genome (gaps in Cabernet Sauvignon sequence) do not allow

to insert place information inside the missing region unless the draft sequences do not anchor to the known part of the pseudomolecule.
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Supplemental figure 14: Performance of HaploSplit on markers subsampling Overview of the HaploSplit performance in reconstructing B. taurus Angus x Brahma (12, 34) pseudomolecules using a subset of the full genetic map in terms of the input d
sequences placed. The results evidence the interrelated effect of map density and assembly fragmentation on the final assembly completeness, with only longer sequences used with the lowest amount of markers and shorter sequences requiring a higher dens
map to find a location. A) Cumulative length of placed and unplaced Primary sequences and Haplotigs with each marker dataset; B) Percentage of Primary sequences and Haplotigs finding a placement in the assembled pseudomolecules with each marl
dataset; c) distribution of Primary sequences and Haplotigs lengths, placed and unplaced with each marker dataset.
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Supplemental table 1: Gene content representation in the different assemblies. Table reporting the full statistics of the genomes assembled as testing dataset for HaploSync. C. albicans, A. thaliana and B. taurus genomes gene counts were obtain g
by mapping unique CDS sequences from the respective reference genome annotations (C. albicans SC5314_A22, A. thaliana TAIR10, B. Taurus Btau_ARS-UCD1.2) using GMAP (35). The unique gene mapping datasets were obtained by mapping the CD ¥

sequences of reference genome annotations to the respective reference genome, CDSs mapping in multiple locations in the haploid genome were removed form the dataset. Gene counts reported for V. vinifera cv Cabernet Franc and M. rotundifolia cv. Traysh
were obtained after performing the whole genome annotation as reported in (37) and (36) respectively.
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Supplemental Table 2

Btau ARS-UCD1.2 plus Btau5.0.1Y HaploSplit HaploFill
=3
Chromosme #of  markers/ Hapl % Hap2 % Hap1 % Hap2 % s %
Chromosome length markers Mbp Hapl difference Hap2 difference Hapl difference Hap2 difference 2 §
1] 158,534,110 2982 18.8 156,760,213 -1.1 148,791,574 -6.1 156,909,683 -1.0 159,751,794 0.8 5%
2] 136,231,102 2420 17.8 136,350,292 0.1 131,089,343 -3.8 136,373,504 0.1 135,402,650 -0.6 2 =)
3] 121,005,158 2304 19.0 120,584,284 -0.3 112,821,936 -6.8 121,013,124 0.0 117,916,846 -2.6 ':i‘; i
4] 120,000,601 2245 18.7 119,761,524 -0.2 114,139,930 -4.9 119,970,633 0.0 120,261,155 0.2 e Q.
5] 120,089,316 1951 16.2 120,116,240 0.0 108,003,561 -10.1 120,253,797 0.1 115,578,880 -3.8 =
6] 117,806,340 2255 19.1 116,963,180 -0.7 112,781,802 -4.3 117,315,669 -0.4 116,808,487 -0.8 3 §
7] 110,682,743 2031 18.3 110,292,212 -0.4 106,293,864 -4.0 110,727,723 0.0 109,169,603 -1.4 @ E
8] 113,319,770 2164 19.1 112,946,628 -0.3 105,608,685 -6.8 113,094,861 -0.2 112,242,263 -1.0 g g-
9] 105,454,467 1806 171 104,084,577 -1.3 100,626,212 -4.6 104,301,178 -11 103,670,497 -1.7 ‘ED@
10| 103,308,737 1901 18.4 100,501,242 -2.7 96,312,514 -6.8 101,698,802 -16 100,481,859 -2.7 :_: '5
11| 106,982,474 1987 18.6 106,689,964 -0.3 100,961,011 -5.6 106,856,963 -0.1 105,600,059 -13 =R
12| 87,216,183 1531 17.6 86,049,391 -1.3 80,250,685 -8.0 86,805,817 -0.5 86,790,270 -0.5 ) g g
13| 83,472,345 1593 19.1 82,991,691 -0.6 72,931,985 -12.6 83,112,971 -0.4 78,267,137 -6.2 §_ ]
14] 82,403,003 1594 19.3 81,974,271 -0.5 78,301,272 -5.0 82,523,526 0.1 81,467,081 -1.1 g 3 .B
15| 85,007,780 1501 17.7 84,184,575 -1.0 80,487,117 -5.3 83,897,061 -13 87,837,882 33 E § ':
16| 81,013,979 1497 185 80,340,698 -0.8 76,768,057 -5.2 80,879,474 -0.2 80,924,111 -0.1 2g =
17| 73,167,244 1410 19.3 72,837,351 -0.5 67,965,373 -7.1 72,928,554 -03 71,588,811 -2.2 e g
18] 65,820,629 1209 18.4 65,247,754 -0.9 57,382,336 -12.8 65,447,797 -0.6 63,198,637 -4.0 % §' s
19] 63,449,741 1234 19.4 63,491,024 0.1 60,787,153 -4.2 63,526,059 0.1 62,891,909 -0.9 8 g_—;g
20] 71,974,595 1416 19.7 71,600,615 -0.5 61,288,326 -14.8 71,600,615 -0.5 69,081,359 -4.0 <0 =
21] 69,862,954 1235 17.7 68,867,872 -1.4 65,968,052 -5.6 69,293,091 -0.8 68,601,670 -1.8 %% :
22| 60,773,035 1143 18.8 60,885,225 0.2 58,564,298 -3.6 60,885,225 0.2 60,368,880 -0.7 = % g
23] 52,498,615 953 18.2 53,071,775 1.1 49,242,120 -6.2 53,317,712 1.6 53,511,671 1.9 E % g'
241 62,317,253 1148 18.4 61,751,840 -0.9 60,903,977 -23 62,201,076 -0.2 62,168,755 -0.2 9 :%_8
25| 42,350,435 869 20.5 42,349,280 0.0 38,946,032 -8.0 42,404,879 0.1 42,165,451 -0.4 ER-97
26| 51,992,305 979 18.8 51,344,472 -1.2 47,016,765 -9.6 51,379,575 -1.2 50,601,373 -2.7 % ; &
27] 45,612,108 854 18.7 44,719,464 -2.0 43,648,208 -4.3 44,851,312 -1.7 44,403,044 -2.7 %. § §
28] 45,940,150 859 18.7 45,680,705 -0.6 41,450,910 -9.8 46,263,732 0.7 44,804,160 -2.5 3 2 f,
29| 51,098,607 962 18.8 50,675,681 -0.8 48,576,811 -4.9 50,881,090 -0.4 50,051,231 -2.0 %g, N
average 186 -0.7 -6.7 -0.3 -1.4 Tal
sD 0.8 0.7 3.0 0.7 1.9 338 5
23
Sexual chromosomes %é
X| 139,009,144 292 21 110,952,057 -20.2 125,571,066 -9.7 -ch E
Y| 43,300,181 292 6.7 3,049,656 -93.0 4,536,978 -89.5 Bs=
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Supplemental table 2: Results of B. taurus pseudomolecules reconstruction after HaploSplit and after HaploFill. Reconstructed pseudomolecule are compared in size to the ARS-UCD1.2 genome chromosome sequences. Each plots report a bar graph_gf %
the actual sizes and in terms of difference percentage from ARS-UCD1.2 genome chromosomes the expected genome size. In HaploSplit Haplotype 1 pseudomolecules deviate only by 0.7+0.7% form the expected size, Haplotype 2 by 6.7+3.0%. HaploFill furth@ =
reduces the divergence, mostly in Haplotype 2 pseudomolecules where it goes down to 1.4+1.9%. -8 %
g3
-
Supplemental table 3 gg
Species Genome publication Genome source Map publication Map source HaploSync results g E:
Candida albicans NCYC4145 Hamlin et al. (2019) NCBI BioProject PRINA543321 Forche et al. (2004) http://www.candidagenome.org/ Zenodo DOI 10.5281/zenodo.3987518 % =
Arabidopsis thaliana Col-0 x Cvi-0) Chin et al. (2016) https://downloads.pacbcloud.com/pub Singer et al. (2006) Publication supplemental material Zenodo DOI 10.5281/zenodo.3987518 g
Bos taurus Angus x Brahma Koren et al. (2018)  https://obj.umiacs.umd.edu/marbl_pu Low et al. (2020) Supplemental marerial of Lowet al Zenodo DOI 10.5281/zenodo.3987518 =

Vitis vinifera cv. Cabernet Franc cl. 04
Muscadinia rotundifolia ev. Trayshed

Cochetel et al. (2021) Zenodo DOI 10.5281/zenodo.3987518 Zou et al. (2020)
Vondras et al. (2021) Zenodo DOI 10.5281/zenodo0.3987518 Zou et al. (2020)

Publication supplemental material www.grapegenomics.com
Publication supplemental material www.grapegenomics.com

Supplemental table 3: Data availability for input data and assembly results for testing datasets. Data availability for input genomic sequences, input maps used for each of testing datasets, and availability of the final assembly results.
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