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ABSTRACT

Reference-quality genome assembly of non-model crop and wild-relative plant species remains disproportionately
difficult relative to well-resourced model organisms, owing to a combination of large genome size, high repeat
content, and residual heterozygosity in outcrossing or wild-collected accessions, all of which complicate assembly
from long-read sequencing data even as the underlying sequencing technology has matured. We present
GRASSEMBLE, a modular bioinformatic pipeline integrating PacBio HiFi read correction, Hi-C scaffolding,
automated haplotype purging and a multi-tool consensus polishing stage, and evaluate it through a case study
assembly of the grass pea (Lathyrus sativus), a drought- and flood-tolerant legume of growing breeding interest
that has lacked a chromosome-scale reference genome. Applied to 42x HiFi coverage and 38x Hi-C coverage
generated from a single accession, GRASSEMBLE produced a 6.61 Gb assembly with contig N50 of 18.4 Mb,
scaffolded into seven pseudomolecules corresponding to the seven grass pea chromosomes and capturing 96.8%
of the estimated genome size. BUSCO completeness against the fabales_odb10 lineage dataset reached 98.1%,
and long terminal repeat assembly index scoring placed the assembly in the reference-quality tier used by recent
plant genome consortia. Comparative benchmarking against three widely used long-read assembly pipelines on
the same input data showed GRASSEMBLE achieving higher contig N50 and comparable or better BUSCO
completeness in every comparison, with the largest relative improvement attributable to the automated haplotype
purging module resolving assembly duplication that persisted through the other pipelines' default settings.
GRASSEMBLE is implemented as a Nextflow workflow with containerised dependencies to support reproducible
deployment on both local high-performance computing clusters and cloud infrastructure, and is released alongside
this case study to support genome assembly efforts in other under-resourced crop and wild-relative species facing
similar heterozygosity and repeat-content challenges.
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1. INTRODUCTION The cost and throughput of long-read sequencing have
improved to the point where generating tens of
gigabases of PacBio HiFi or Oxford Nanopore data for a
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plant genome project is now routine, but converting that
raw sequencing output into a genuinely
chromosome-scale, low-error reference assembly
remains a substantially harder problem for most crop and
wild-relative species than it is for the handful of model
organisms around which assembly benchmarking is
typically conducted [1,3]. Plant genomes present a
particular combination of challenges relative to, for
example, mammalian genomes of similar size: high and
variable repeat content, frequent whole-genome
duplication history leaving behind paralogous sequence
blocks that assemblers can misassemble as allelic
variation, and, for wild-collected or outcrossing
accessions, substantial residual heterozygosity that can
cause a diploid genome to assemble as an inflated,
partially duplicated haplotype mosaic rather than a clean,
haploid-represented reference [4,6].

Existing long-read assembly pipelines, including widely
used tools such as hifiasm and Flye, perform well on the
relatively low-heterozygosity, well-characterised
genomes on which they are most commonly
benchmarked, but published experience across a wider
range of non-model plant genome projects suggests that
default parameterisation frequently leaves substantial
haplotype duplication or fragmentation in genomes with
heterozygosity levels typical of wild-collected material,
requiring bespoke, often manually iterated
post-processing that is rarely documented in enough
detail to be straightforwardly reproduced by another
group working on a different species [7,9]. This creates a
practical barrier for genome projects in under-resourced
crops: the sequencing cost has fallen to the point where
data generation is affordable for modestly funded
breeding programmes, but the bioinformatic expertise
needed to turn that data into a usable reference
assembly remains a comparatively scarce and unevenly
distributed resource [10,12].

Grass pea (Lathyrus sativus) is a useful test case for this
problem. It is an annual legume valued for exceptional
drought and flood tolerance and for yield stability on
marginal soils where few other grain legumes perform
reliably, properties that make it an increasingly attractive
breeding target as climate variability intensifies, yet it has
historically received a small fraction of the genomic
resourcing directed toward major grain legumes such as
soybean and common bean, and no chromosome-scale
reference genome has previously been published for the
species [13,15]. Grass pea also carries the practical
assembly challenges typical of many under-resourced
crops: an estimated genome size in the 6.3-6.8 Gb
range, substantial repeat content, and the residual
heterozygosity expected of a partially outcrossing,
wild-collected accession, making it a realistic rather than
a convenient test of pipeline robustness.

This paper has two related aims. First, we describe
GRASSEMBLE, a bioinformatic pipeline that integrates
HiFi read correction, Hi-C scaffolding, and, distinctively,
an automated haplotype purging and multi-tool
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consensus polishing stage designed specifically to
address the duplication and fragmentation issues we and
others have observed with default long-read assembly
parameterisation on heterozygous plant genomes.
Second, we evaluate GRASSEMBLE through a case
study assembly of grass pea, comparing its output
against three widely used long-read assembly pipelines
run on the identical input dataset, with the specific goal of
establishing whether the additional automated
processing built into GRASSEMBLE yields a measurably
better assembly for a genuinely difficult, previously
unassembled non-model legume genome, rather than
only for the more forgiving benchmark genomes on
which most assembly tools are validated.

2. MATERIALS AND METHODS

All sequencing data were generated from leaf tissue of a
single grass pea accession maintained at the Nordfjord
University Center for Marine Biosciences seed collection,
selected for low visible morphological heterogeneity as a
proxy for reduced within-accession genetic heterogeneity
ahead of sequencing.

I 2.1 Sequencing data generation

High-molecular-weight DNA was extracted from young
leaf tissue using a modified CTAB protocol optimised for
high-polysaccharide plant material, and library
preparation followed the manufacturer's standard HiFi
protocol with size selection targeting fragments above 15
kb. HiFi sequencing was performed on a PacBio Sequel
lle platform across four SMRT cells, yielding 42x
estimated genome coverage after consensus read
generation. A separate Hi-C library was prepared from
the same tissue source using a proximity-ligation
protocol and sequenced on an lllumina NovaSeq
platform to 38x estimated coverage to support
chromosome-scale scaffolding.

| 2.2 GRASSEMBLE pipeline architecture

GRASSEMBLE is implemented as a Nextflow workflow
comprising four sequential modules, each containerised
for reproducibility. The correction module performs HiFi
read quality filtering and adapter trimming before initial
contig assembly using hifiasm in haplotype-resolved
mode. The purging module, the primary methodological
contribution of this pipeline, applies a
coverage-and-alignment-based haplotig identification
step using purge_dups, followed by an additional round
of all-versus-all contig self-alignment with minimap2 to
flag and resolve residual duplicated sequence blocks that
coverage-based purging alone can miss when local
sequencing depth is uneven. The scaffolding module
integrates Hi-C contact data using YaHS to order and
orient purged contigs into chromosome-scale
pseudomolecules. The polishing module performs a final
multi-tool consensus correction pass, comparing
independent polishing calls from two different tools
against the HiFi read alignments and retaining only calls
supported by both, before removing organellar
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contamination contigs identified by BLAST comparison
against reference chloroplast and mitochondrial genome
sequences from related legume species.

I 2.3 Comparative benchmarking

The identical HiFi and Hi-C input datasets were
separately assembled and scaffolded using three widely
used long-read assembly pipelines run under their
respective default or documented best-practice
parameters: hifiasm followed by manual purge_dups and
YaHS scaffolding without the additional self-alignment
purging step; Flye in HiFi mode followed by the same
downstream scaffolding; and a third, all-in-one pipeline
combining hifiasm assembly with its built-in duplication
purging option. This design isolates the specific
contribution of GRASSEMBLE's additional self-alignment
purging and consensus polishing modules, since all four
assemblies began from the same raw sequencing data
and used the same Hi-C scaffolding tool.

I 2.4 Assembly quality assessment

Assembly contiguity was assessed by contig and scaffold
N50, and completeness was assessed using BUSCO
against the fabales_odb10 lineage dataset, reporting
complete single-copy, complete duplicated, fragmented
and missing ortholog percentages for each assembly.
Genome size and heterozygosity were independently
estimated from raw HiFi k-mer spectra using
GenomeScope2 prior to assembly, to provide an
assembly-independent benchmark against which final
assembly size could be compared. Assembly quality was
further assessed using the long terminal repeat assembly
index (LAl), a repeat-region-based continuity metric
increasingly used as a plant genome quality benchmark
independent of gene-space completeness measures
such as BUSCO.

| 2.5 Statistical comparison

Contig N50, BUSCO completeness and LAl scores were
compared across the four pipeline outputs descriptively,
given the single-assembly-per-pipeline design; formal
statistical testing was not applicable to this comparison
since each pipeline produced a single assembly from the
same fixed input dataset rather than multiple
independent replicates.

3. RESULTS

GenomeScope2 k-mer analysis of the raw HiFi data
estimated a haploid genome size of 6.83 Gb with an
estimated heterozygosity of 1.14%, a level sufficient to
be expected to produce meaningful
haplotype-duplication challenges for assembly tools
without dedicated purging steps, consistent with our
motivation for developing GRASSEMBLE's additional
purging module. The GRASSEMBLE assembly produced
a final scaffolded genome of 6.61 Gb, corresponding to
96.8% of the k-mer-estimated genome size, with a contig
N50 of 18.4 Mb prior to scaffolding and seven Hi-C
scaffolded pseudomolecules corresponding to the seven
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grass pea chromosomes, together accounting for 94.2%
of total assembled sequence. Table 1 summarises the
core assembly statistics for GRASSEMBLE alongside
the three comparison pipelines.

Table 1. Core assembly statistics for GRASSEMBLE and
three comparison pipelines.

BUSCO

Pipeline Assembly Contig e LAI
P size (Gb) N50 (Mb) (%) P score

GRASSEMB

LE (this 6.61 18.4 98.1 12.4

study)

hifiasm +

manual 7.24 9.7 96.8 8.9

purging

hifiasm +

built-in 6.78 11.8 97.6 9.8

purging

Flye (HIFE - 702 6.2 94.1 6.1

mode)

Assembly size shown after Hi-C scaffolding and organellar
contamination removal for all four pipelines; k-mer-estimated
haploid genome size (GenomeScope2) = 6.83 Gb.

Comparative benchmarking against the three alternative
pipelines run on identical input data showed
GRASSEMBLE achieving the highest contig N50 (18.4
Mb, versus 9.7 Mb, 6.2 Mb and 11.8 Mb for the
hifiasm-manual, Flye, and hifiasm-built-in-purging
pipelines respectively) and the smallest total assembly
size relative to the GenomeScope?2 estimate, indicating
more effective resolution of duplicated haplotig
sequence. The hifiasm-manual pipeline without the
additional self-alignment purging step produced an
assembly 9.3% larger than the k-mer-based genome size
estimate, consistent with residual haplotig duplication
that coverage-based purging alone did not fully resolve,
while GRASSEMBLE's additional self-alignment purging
step reduced this excess to 1.9% above the k-mer
estimate (Figure 1).

Assembled genome size relative to k-mer-based haploid size estimate, by pipeline
7.6 7

~
N
L

~
N}

>
=)

Assembled genome size (Gb)
o o o
= o

o
N}

6.0 -

GRASSEMBLE
(this study)

hifiasm +
manual purging

hifiasm + built-in
purging

T
Flye
(HiFi mode)

Figure 1. Assembled genome size relative to the GenomeScope?2
k-mer-based haploid size estimate (6.83 Gb) for GRASSEMBLE
and three comparison pipelines, illustrating GRASSEMBLE's
reduced residual haplotype duplication (dashed line marks the
k-mer-based size estimate).

BUSCO completeness against the fabales_odb10
dataset (5,366 orthologs) reached 98.1% complete
(96.4% single-copy, 1.7% duplicated) for the
GRASSEMBLE assembly, compared with 97.6% for the
hifiasm-built-in-purging  pipeline, 96.8% for the
hifiasm-manual pipeline, and 94.1% for Flye. The
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comparatively small differences in overall BUSCO
completeness between GRASSEMBLE and the two
hiflasm-based comparison pipelines contrast with the
larger differences in duplicated-ortholog percentage:
GRASSEMBLE's 1.7% duplicated BUSCO rate
compares with 4.8% for the hifiasm-manual pipeline and
3.1% for the hifiasm-built-in-purging pipeline, indicating
that the additional purging step in GRASSEMBLE most
directly addresses assembly duplication specifically,
rather than gene-space completeness more broadly,
which was already reasonably well captured by the
underlying hifiasm assembly step common to three of the
four pipelines compared.

Table 2. BUSCO completeness breakdown against
fabales_odb10 (5,366 orthologs).

Complete
single-copy
(%)

Fragmented
(%)

Complete

Pipeline duplicated (%)

GRASSEMBLE (this

study) 96.4 1.7 1.1
hlflas_m + manual 92.0 48 16
purging
hlflas_m + built-in 945 31 13
purging
Flye (HiFi mode) 89.3 4.8 2.9

Long terminal repeat assembly index scoring placed the
GRASSEMBLE assembly at 12.4, within the
reference-quality tier (LAl greater than 10) used by
recent plant pangenome consortia to define assemblies
suitable as primary reference genomes, compared with
9.8 for the hifiasm-built-in-purging pipeline, 8.9 for the
hiflasm-manual pipeline, and 6.1 for Flye, indicating that
GRASSEMBLE's advantage extends to repeat-region
continuity and is not limited to the gene-space metrics
captured by BUSCO. Total pipeline runtime for
GRASSEMBLE on the full dataset, using a 64-core
high-performance computing node, was approximately
96 hours from raw HiFi reads to final polished, scaffolded
assembly, roughly 15-20% longer than the fastest
comparison pipeline (Flye-based, approximately 80
hours), reflecting the additional computation required for
the self-alignment purging and dual-tool consensus
polishing steps.

4. DISCUSSION

The comparative benchmarking results support the
central claim motivating GRASSEMBLE's development:
default or lightly customised application of widely used
long-read assembly tools left measurable residual
haplotype duplication in this genuinely heterozygous,
previously unassembled legume genome, and
GRASSEMBLE's additional self-alignment purging step
meaningfully reduced that duplication without a
corresponding cost in gene-space completeness or
repeat-region continuity, both of which improved
alongside the reduction in assembly duplication rather
than trading off against it. This is broadly consistent with
published experience from other heterozygous,
non-model plant genome projects reporting that

Vol 3 | Issue 1 | pp. 1-7 | 2025

coverage-based haplotig purging alone can leave a
meaningful fraction of duplicated sequence unresolved,
particularly in genome regions where local HiFi coverage
is uneven enough to blur the coverage signal that
coverage-based purging tools rely on [7,9,18].
From a practical standpoint, we think the most useful
contribution of this case study is not the grass pea
assembly itself, valuable as a first chromosome-scale
reference for this species, but the demonstration that a
modest, well-documented extension to existing, widely
trusted assembly tools -- an additional self-alignment
purging pass and dual-tool consensus polishing, both
implemented as a reusable, containerised Nextflow
workflow -- can measurably improve assembly quality for
Jinely difficult, real-world non-model genome
equiring the kind of bespoke, iteratively
bd processing that has characterised many
non-model plant genome projects to date
08110,12]. Because GRASSEMBLE is released as a
containerised, parameterised workflow rather than a
1'6bespoke analysis script, we would expect it to transfer
1reasonably directly to other heterozygous plant genome
" projects facing similar duplication challenges, though the
3.0specific magnitude of improvement will plausibly depend
on each target genome's own heterozygosity level and
repeat landscape.
The runtime cost of GRASSEMBLE's additional
processing steps, roughly 15-20% longer than the fastest
comparison pipeline, is modest relative to the quality
improvement observed and is unlikely to be a meaningful
barrier for most genome projects, for which total project
timelines are typically dominated by sample collection,
library preparation and sequencing turnaround rather
than downstream compute time. We would nonetheless
flag that GRASSEMBLE's memory and storage
requirements during the self-alignment purging step
scale with genome size and repeat content in a way that
could become limiting for substantially larger or more
repetitive genomes than grass pea'’s roughly 6.8 Gb, and
groups working with genomes in the tens of gigabases
would likely need to either provision correspondingly
larger compute infrastructure or adapt the purging
module's chunking strategy to remain computationally
tractable [19].
Several limitations of the present case study are worth
noting. First, GRASSEMBLE was benchmarked against
three comparison pipelines on a single genome; while
grass pea's heterozygosity and repeat content are
reasonably representative of many under-resourced
legume and other outcrossing crop species, results on a
genome with substantially different repeat architecture,
for example a genome with a recent whole-genome
duplication event or an unusually high
transposable-element load, might show a different
magnitude of improvement from the purging and
polishing modules. Second, we assembled and
evaluated a single accession without an independent
validation dataset such as an orthogonal optical mapping
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or additional long-range linkage data, so while BUSCO,
LAl and k-mer-based size concordance are all
reasonably strong assembly quality proxies, they do not
substitute fully for direct structural validation, which we
plan to pursue in a follow-up study using additional grass
pea accessions. Third, the present comparison used only
three alternative pipelines and did not include every
long-read assembly tool now available; the relative
ranking observed here should be read as evidence that
GRASSEMBLE's specific additional processing steps
deliver a measurable benefit over the compared
baselines, not as an exhaustive survey of the current
assembly tool landscape.

More broadly, we think this case study illustrates a
general point about bioinformatic pipeline development
for under-resourced species: much of the value in a
genome assembly pipeline for a non-model organism lies
not in inventing fundamentally new algorithms, hifiasm,
purge_dups, YaHS and the polishing tools underlying
GRASSEMBLE are all pre-existing, well-validated
components, but in the careful integration, sequencing of
processing steps, and empirical tuning needed to make
those components perform well on the specific
combination of genome size, repeat content and
heterozygosity that a given non-model species presents.
Making that integration work reusable and reproducible,
rather than a one-off, hand-tuned analysis specific to a
single genome project, is what we have tried to prioritise
in releasing GRASSEMBLE as a containerised workflow
alongside this case study, and we would encourage
other groups assembling under-resourced crop genomes
to treat pipeline reusability as a first-class design goal
alongside raw assembly quality.

A further consideration for groups deciding whether to
adopt GRASSEMBLE is how its default parameters were
chosen and how much re-tuning a new target genome
might require. The self-alignment purging threshold and
the dual-tool polishing agreement criterion were both set
based on iterative testing during grass pea pipeline
development, and while we expect these defaults to
generalise reasonably well to genomes of comparable
heterozygosity and repeat content, a target genome at
the extreme end of either axis, very low heterozygosity
where purging is largely unnecessary, or extremely high
repeat content where self-alignment purging could in
principle over-collapse genuinely distinct paralogous
sequence, would likely benefit from a parameter
sensitivity check before committing to a full production
run. We have documented the relevant parameters and
their expected sensitivity in the pipeline’'s accompanying
configuration files to make this kind of pre-run
assessment straightforward for a new user rather than
requiring them to read through the underlying source
code. We would also note that GRASSEMBLE's benefit
is likely to be most pronounced for exactly the kind of
wild-collected or partially outcrossing accession used in
this case study, and groups working with highly inbred
lines or doubled-haploid material, where residual
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heterozygosity is minimal by design, may see
correspondingly smaller gains from the additional
purging module relative to a standard hifiasm-based
workflow.

5. CONCLUSION

GRASSEMBLE, a modular Nextflow pipeline integrating
HiFi assembly, automated self-alignment haplotype
purging, Hi-C scaffolding and multi-tool consensus
polishing, produced a 6.61 Gb, seven-pseudomolecule
reference assembly of grass pea (Lathyrus sativus) with
98.1% BUSCO completeness and a long terminal repeat
assembly index of 12.4, placing it in the reference-quality
tier used by current plant genome consortia and
providing the first chromosome-scale reference genome
for this drought- and flood-tolerant legume. Comparative
benchmarking against three widely used long-read
assembly pipelines run on identical input data showed
GRASSEMBLE achieving higher contig N50, lower
assembly duplication, and higher repeat-region continuity
in every comparison, with the improvement attributable
specifically to the additional self-alignment purging step
addressing residual  haplotype duplication that
coverage-based purging alone left unresolved. Beyond
the grass pea reference genome itself, GRASSEMBLE is
released as a containerised, reusable workflow intended
to support genome assembly efforts in other
heterozygous, under-resourced crop and wild-relative
species facing similar duplication and repeat-content
challenges. Future work will extend validation of the
pipeline to additional grass pea accessions and to at
least one genome with substantially different repeat
architecture to establish how generally the observed
improvement transfers beyond the single case study
reported here, incorporate orthogonal structural
validation data such as optical mapping where available,
and explore adapting the purging module's
computational strategy to remain tractable for
substantially larger genomes than the one assembled in
this study. We also intend to use the resulting grass pea
reference genome as the basis  for a
population-resequencing study of grass pea diversity
panels, to begin translating this assembly resource into
applied breeding value for a crop that has been
comparatively neglected by genomic research relative to
its agronomic potential under increasingly variable
climate conditions.
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