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Abstract
The advent of next-generation sequencing (NGS) has revolutionized the study of sin-gle nucleotide polymorphisms (SNPs), making it increasingly cost-effective. Haplotypes,which combine alleles from adjacent variants, offer several advantages over bi-allelicSNPs, including enhanced information content, reduced dimensionality, and improvedstatistical power in genomic studies. These benefits are particularly significant for poly-ploid species, where distinguishing all homologous copies using SNP markers alone canbe challenging. This article introduces HaploCharmer, a flexible workflow designed forread-scale haplotype calling from NGS data. HaploCharmer identifies haplotypes withinpreconfigured genomic regions smaller than a sequencing read, ensuring direct compa-rability across individuals. It integrates a series of processing steps including mapping,haplotype identification, filtration, and reporting of haplotype sequences, as presence-absence, in the panel of accessions analyzed. The performance of HaploCharmer wasvalidated by building a genetic map using whole-genome sequencing data from a highlypolyploid sugarcane cultivar (R570) and its self-progeny, and performing a diversity anal-ysis in the polyploid Saccharum genus using targeted sequencing data. The workflowsuccessfully identified a large number of high-quality haplotypes, with less than 1% offalse positives. The dense genetic map obtained using single-dose haplotypes accuratelydepicted the known genome architecture of the R570 cultivar, including large chromo-some rearrangements. The diversity analysis accurately reflected the known geneticstructure within this genus. It also allowed inferring ancestral origins to mapped hap-lotypes and the corresponding chromosome segments in the R570 genetic map. Hap-loCharmer provides a robust method for diversity, genetic mapping, and quantitativegenetics studies in both diploid and polyploid species.
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Introduction
Because of their convenience in subsequent analyses, most variant call methods from next-

generation sequencing (NGS) data aim to characterize bi-allelic single nucleotide polymorphisms
(SNPs). Alternatively, alleles from adjacent variants, including SNPs and other polymorphisms
such as indels, can be combined into haplotypes. The advantages of haplotypes over bi-allelic
SNPs include an increased information content and reduced dimensionality, allowing better cap-
ture of linkage disequilibrium, higher statistical power in genome-wide association studies, higher
genomic prediction accuracy, better genetic mapping resolution and improved population struc-
ture inference (Bhat et al., 2021; Gattepaille and Jakobsson, 2012). The multi-allelic nature of
haplotypic markers is expected to be particularly useful in polyploid species, where all homolo-
gous copies cannot be distinguished by a single bi-allelic variant, unlike diploid species (Voorrips
and Tumino, 2022).

Using NGS data, alleles from adjacent variants can be combined into haplotypes when they
are observed on the same sequencing read. This strategy is implemented in HAPLOSWEEP (Cle-
venger et al., 2018), but is limited to phasing pairs of variants for polyploid species. In addition,
haplotypes can be extended by assembling reads on the basis of their shared allele content,
which supports an origin from the same homologous copy. This task is more complex in poly-
ploids for which the solution space increases dramatically with the number of variants and the
ploidy level (He et al., 2018). Several haplotype assembling methods have been proposed in the
literature, some of them specifically dedicated to polyploids, such as HapCompass (Aguiar and
Istrail, 2012, 2013), Poly-Harsh (He et al., 2018), or Ranbow (Moeinzadeh et al., 2020). However,
these approaches can lead to considerable heterogeneity in haplotype length between homol-
ogous copies of the same individual or between different individuals, depending on the degree
of information available to guide assembly. As a consequence, the resulting haplotypes may not
be easily transformed into multi-allelic markers to be used in genomic and genetic studies.

In this article, we present HaploCharmer, a workflow for read-scale haplotype calling imple-
mented in Snakemake (Köster and Rahmann, 2012; Mölder et al., 2021). Haplotypes are called
within preconfigured genomic regions of a size smaller than a sequencing read, and within which
all possible variants are considered: bi- and multi-allelic SNPs as well as small indels. Like in
HAPLOSWEEP, alleles are considered as phased only if they are jointly observed on the same
sequencing read. The use of preconfigured genomic regions, within which haplotypes are char-
acterized, ensures that the resulting haplotypes are directly comparable across individuals.

Sugarcane is a major crop for sugar and energy production, and has one of the most complex
genomes of all cultivated plants. Modern sugarcane cultivars are the result of relatively recent
inter-specific hybridization (a century ago) between two polyploid species: the sugar-producing
species Saccharum officinarum (2n=8x=80, x=10) and the wild species Saccharum spontaneum
(2n=5x=40 to 16x=128, x=8). In S. spontaneum, two sets of three chromosomes have each been
rearranged into two chromosomes, in comparison with the ancestral chromosome structure ob-
served in S. officinarum (Garsmeur et al., 2018; Piperidis and D’Hont, 2020). Modern cultivars are
thus complex polyploids, with on average twelve copies for each basic chromosome, of which
15 to 25% of the chromosomes are derived from S. spontaneum, including recombinant with S.
officinarum (D’Hont et al., 1996; Piperidis et al., 2010; Piperidis and D’Hont, 2020).

HaploCharmer’s effectiveness in identifying haplotypes in polyploid and heterozygous genom-
es was assessed by building a genetic map from a self-progeny of a sugarcane cultivar (R570)
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genotyped for 87K genomic regions, and by analysing a diversity panel of 307 Saccharum acces-
sions.

Materials and methods
HaploCharmer workflow

HaploCharmer takes as input single or paired-end short-read sequencing data (FASTQ) for a
set of samples, which have passed quality controls such as adapter removal, read filtering and
trimming of low-quality bases.

First, reads aremapped to a reference sequence genome (FASTA) using BWA-MEM (Li, 2013).
Standard processing steps are applied to BAM files, such as removal of read duplicates using Pi-
cardMarkDuplicates (https://broadinstitute.github.io/picard/), local realignment around
indels using GATK3 (DePristo et al., 2011), and update of the string encoding mismatched and
deleted reference bases (MD) flag using SAMtools (Danecek et al., 2021). Haplotypes are then
identified and counted within pre-configured genomic coordinates (BED) using a python script
(BAM_to_gVCF.py) based on pysam (https://github.com/pysam-developers/pysam/). Only
sequencing reads whose alignment completely covers the predefined genomic regions - also
called phase sets (PSs) - are considered (Figure 1A). While PSs can vary in size, they must not
overlap. For each of the samples analyzed, all positions that fall into a PS are reported in a ge-
nomic VCF file (gVCF), regardless of whether a variant (SNP or indel) was detected at that site or
not. In the gVCF file, haplotypes are reported as groups of alleles phased within each PS, which
is specified following the convention of using the pipe “|” in the genotype (GT) field.

Individual sample files aremerged into a global VCF file using BCFtools (Danecek et al., 2021),
and filtered for haplotypes likely resulting from sequencing errors using a python script (VCF_-
filter.py). For this filtering step, the general approach is to discard haplotypes that are never
observed with a high degree of certainty in at least one sample, i.e. with sufficient read depth
and frequency to support the existence of the haplotype (see next subsection “HaploCharmer
parameters”). Then, a non-standard file characterizing haplotype presence-absence (HPA) is gen-
erated using a python script (VCF_to_HapPresAbs.py) based on the pyfaidx module (Shirley et
al., 2015). In this HPA file, each line corresponds to a haplotype and includes its coordinates
on the reference sequence, its complete sequence, and sample-specific columns indicating its
presence/absence genotyping along with read depth information (Figure 1B). In addition, the
nature and position of variants (SNPs and indels) distinguishing the haplotypes of a same PS are
reported in a text file (INFO). This file is made up of a concatenation of tables in VCF format, one
for each PS, where haplotypes are represented in columns. Each sub-table corresponding to a
specific PS can easily be accessed using a “grep” command with the name of the PS as the argu-
ment. Finally, a report (HTML) is generated presenting various statistics, such as read mapping,
read duplicates, phase set read depths, and number of haplotypes per phase set. The workflow’s
key steps are summarized in Figure 1C.
HaploCharmer parameters

The haplotype calling relies on a limited set of parameters that are specified in the Snakemake
YAML configuration file. Regarding the mapping, the removing of read duplicates is optional,
although recommended, and a minimum mapping quality (i.e. MAPQ provided by BWA-MEM)
must be specified. For the VCF filtering step, a genotyping data point must be supported by a
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Figure 1 – (A) Schematic representation of three aligned reads considered for haplotyp-ing (green) that overlap the entire phase set (PS) defined by the START and ENDpositionson the reference, unlike the other reads (grey). (B) Illustration of the haplotype represen-tation in the VCF, HPA and INFO files for one sample genotyped for a genomic region“1_2_8”, i.e. a phase set spanning chromosome 1 from position 2 to 8. For the HPA andINFO files, the haplotype “1_2_8_hap4” corresponds to the reference sequence haplo-type. Only the genotype (GT) format field is represented here although it is normallyassociated with read depth information in real files. (C) Summary of the HaploCharmer(i) inputs including the reference sequence (FASTA), sequencing reads (FASTQ), PS coor-dinates on the reference sequence (BED), (ii) intermediate files including alignment files(BAM) and genomic VCF files (gVCF), (iii) and outputs including VCF, HPA and INFO files.Key workflow steps to obtain output from input files are described in orange rectangles.

read depth (DP) comprised between “min_gt_depth” (minimum read depth) and “max_gt_depth”
(maximum read depth) otherwise the genotyping datapoint is set to a missing value. Then, each
haplotypemust be supported by a read depth (AD) greater than or equal to “min_hap_depth” and
a frequency (AD/DP) greater than or equal to “min_hap_freq” in at least one sample. Otherwise,
this haplotype is considered as likely resulting from sequencing errors and discarded from the
set of haplotypes in the population.
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Although a haplotype may be supported at a population level, it may be the result of se-
quencing errors for a particular sample. At the sample level, the haplotypes reported in the HPA
file are first re-inspected to verify that they are supported by a read depth (AD) and frequency
(AD/DP) superior or equal to “min_pres_depth” and “min_pres_freq”, respectively. Then, too rare
haplotypes with a frequency below “max_abs_freq”, are considered absent in the sample. Finally,
haplotypes that do not meet any of these criteria (e.g. intermediate frequency: “max_abs_freq“
≤ AD/DP < “min_pres_freq“) are set as missing values.

The workflow parameters are explained in further details and illustrated with a toy exam-
ple in the README.md file of the Gitlab repository (see “Data, script, code, and supplementary
information availability” section).
Evaluation of HaploCharmer on polyploid sugarcane

The performance of HaploCharmer was assessed by calling haplotypes from Illumina whole-
genome sequencing (WGS) data from sugarcane cultivar R570 (≈12x) and 96 accessions of its
self-progeny (Grivet et al., 1994; Grivet et al., 1996). The identified haplotypes were then char-
acterized to select segregating single-dose haplotypes, which were used to construct a genetic
map. In addition, a diversity panel of 307 Saccharum accessions and related genera, for which tar-
geted enrichment sequencing data were publicly available (Yang et al., 2018), was characterized
for a large part of the same genomic regions.
Haplotyping of R570 and its self-progeny. The recent polyploid genome assembly of R570 (Healey
et al., 2024) was used as a sugarcane reference sequence. From this polyploid assembly, with
several homologous copies assembled for each basic chromosome (i.e. homology group), a mono-
ploid reference sequence was derived by choosing the longest scaffolds from each homology
group, but excluding those representing rearranged chromosomes. The scaffolds considered
were the following: Chr1A, Chr2A, Chr3A, Chr4A, Chr5A, Chr6A, Chr7A, Chr8A, Chr9A, and
Chr10A.

Three sets of probes were used to define genomic regions: 60,000 120 bp probes defined
by Yang et al. (2018), 1,964 120 bp probes (non-redundant with the previous set) from the set
of 19,436 probes defined in Dijoux et al. (2024), and 39,867 additional 80 bp probes defined in
sugarcane gene models. All probes were mapped onto the monoploid reference genome using
BWA-MEM (Li, 2013). Different filters were applied, excluding probes that i) were not uniquely
mapped, ii) mapped on an interval below 60 bp or above 140 bp, and iii) overlapped the mapping
coordinates of another adjacent probe. A total of 86,681 80 bp genomic regions distributed
along the R570 monoploid genome assembly were retained and were considered as PSs for the
haplotype calling. The coordinates of these PSs were reported in a BED file format.

To reduce the computational time required for aligning high-depth WGS data from cultivar
R570 and the 96 progenies, the reads corresponding to all regions were recovered through in-
silico capture using probe sequences as targets with Mirabait (Chevreux et al., 2004).

The HaploCharmer workflow was launched by specifying the following parameters in the
Snakemake YAML configuration file:

• Remove_duplicates: True
• Mapping_quality: 20
• VCF_filter: "–min_gt_depth 30 –max_gt_depth 1000 –min_hap_depth 4 –min_hap_freq
0.04"
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• VCF_to_HapPresAbs: "–max_abs_freq 0.01 –min_pres_depth 3 –min_pres_freq 0.04"
Filtering of progenies. From the raw haplotypes identified and reported in the HPA output file,
progenies’ genotypes (present, absent, or missing) were compared to that obtained for R570 to
potentially identify illegitimate progeny (Figure S1). No progeny was found to have a substantial
proportion of haplotypes absent from R570, suggesting no illegitimate cross. However, for a
self-progeny, a substantial proportion of haplotypes is expected to be present in the parent but
absent in the progeny, notably resulting from the segregation of single-dose haplotypes (see
subsection “Characterization of single-dose markers”). Few progenies were discarded from the
study as they presented a genotyping profile too similar to R570, suggesting that there were
clones of the parent: AF411, AF413, AF439, AF454, AF491, AF499, and AF568. Two additional
progenies were discarded due to a significant percentage of missing values: AF450 and AF488.
After filtering, a total of 87 progenies were conserved for downstream analyses.
Filtering of haplotypes. A total of 247,267 haplotypes distributed in 73,100 phase sets were ob-
tained from the raw presence-absence HPA output file. Given the ploidy level of R570 (≈12x
with limited aneuploidy), and the self-progeny nature of the population, a maximum of around
12 haplotypes can theoretically be expected from each PS. As a consequence, PSs with more
than 14 haplotypes were discarded as they likely resulted from reads originating from duplicated
regions. In addition, PSs revealing only one haplotype were discarded from the dataset, as well
as haplotypes with more than 25% missing values. A total of 215,704 haplotypes distributed in
67,917 PSs were conserved for the 87 progenies. The number of haplotypes per PS varied from
2 to 14, with an average of 3.17.
SNPs and indels contributing to haplotypes. The ability of the haplotypes genotyped by Hap-
loCharmer to reveal single-dose markers was compared to that of unphased variants (biallelic
SNPs, multiallelic SNPs, indels) contributing those haplotypes, as reported in the VCF output
file. The total 215,704 haplotypes resulted from the combination of 292,518 variants. The pres-
ence/absence genotyping of each allele of these variants was re-inspected using the same pa-
rameters used to generate the HPA file (see “HaploCharmer parameters” sub-section). To this
end, allele read depths that are initially reported specifically for each haplotype were aggre-
gated per allele. After filtering out alleles with more than 25% missing values 504,558 alleles
were conserved: 352,240 alleles from bi-allelic SNPs (69.81%), 130,745 alleles from bi-allelic
indels (25.91%), 6,700 alleles from multi-allelic SNPs (1.33%), and 14,873 other more complex
variants (2.95%).
Characterization of single-dose markers. Single-dose markers (a single copy is present at the lo-
cus in the parent, unlike multi-dose markers) have a 50% chance of being transmitted to the
gametes, resulting in an expected presence:absence ratio of 3:1 in a self-progeny. The proba-
bility of transmission of multi-dose markers depends on the number of doses, the ploidy and
the pairing of homologous chromosomes during meiosis. For instance, assuming a ploidy of 12,
as in sugarcane cultivars, and random bivalent chromosome pairing at meiosis (i.e. polysomic
inheritance), double-dose markers have 77% chance of being transmitted to the gametes. In
presence of strict preferential bivalent pairing of chromosomes (i.e. disomic inheritance), double-
dose markers have a 75% or 100% chance of being transmitted to gametes if the two doses
are located on unpaired or paired chromosomes, respectively. As a consequence, the expected
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