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ABSTRACT

Sacha inchi (Plukenetia volubilis) is an oilseed crop from the Peruvian’s Amazonia that belongs to
the spurge (Euphorbiaceae) family. Its oil, rich in antioxidants and polyunsaturated fatty acids, is
considered highly valuable for food and cosmetic industries. Here, we sequenced the total DNA of
Sacha inchi, using Illumina and Nanopore technologies, and present a reference-quality chloroplast
genome and a draft of its nuclear genome. We detected two large inversions on the chloroplast
genome not present in the previously reported sequence. Using genome profiling, we found Sacha
inchi nuclear genome has a haploid size of 334 Mb, presents a high proportion of repetitive elements
(47%), and outstanding heterozygosity (11.67%). Furthermore, its genomic structure suggests Sacha
inchi is allotetraploid. Our draft assembly presents a high degree of completeness, both at the gene
and sequence level, although the high heterozygosity prevented us to achieve a less fragmented
assembly (E-size 168 kb; N50 112 kb) and a closer representation to the haploid genome. The
assembled draft genome of Plukenetia volubilis will provide a valuable resource for the study of this
promising crop, allowing the determination of the genetic bases of key phenotypic traits and enabling
the use of genetic engineering in breeding programs to develop new varieties.

Keywords Plukenetia volubilis · Euphorbiaceae · Chloroplast genome · Nanopore sequencing · Genome profiling ·
Allopolyploid

1 Introduction

Oils are the most energy-dense plant reserves, supplying humans with many of the calories and essential fatty acids
required in our diet. The majority of the plant oils we consume are accumulated in the seeds of crops. World production
from oilseed crops was approximately 185 million metric tons of oil in 2019 [1].

Human population growth, increased life expectancy, loss of biodiversity, climate change, and accelerated land
degradation represent major challenges for agriculture regarding food safety in the following years[2]. By 2050, 90%
of the food production expansion would have to come from expanding crop yields and only 10% of this will come
from the use of a larger cultivated area[2]. Thus, there is a need to technify agricultural production systems and the
development of genetically improved cultivars is going to be key in this process [3].

Several economically important oilseed crops have been genetically improved, such as soybean, sunflower, rapeseed,
olive, palm, castor bean, among others [3]. Each of these crops have a reference genome that serves as a building block
to guide genetic engineering, to establish breeding programs and to understand the biological mechanisms of the crop.
All of these would be severally jeopardized in the absence of reference genomes.
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Sacha inchi (Plukenetia volubilis), a native plant from the Peruvian Amazonia, is emerging as a promising crop due
to its nutritional profile. More than a half of its seed weight is oil[4], which is mostly composed by α-linolenic acid
(37.3− 50.8%) linoleic acid (33.4− 41%) and oleic acid (8.41− 12.5%)[4, 5, 6, 7, 8, 9]. tocopherols[4, 6], phenolic[5]
and caretonic[6] compounds and phytosferols[6]. This makes Sacha inchi’s oil highly valuable for food and cosmetic
industries.

Currently there is no reference genome for Sacha inchi, which limits the development of genetically engineered cultivars,
wider adoption, and production growth.

Since an important part of the oil biosynthesis metabolism occurs in the plastids, endoplasmatic reticulum and oil
bodies[10], it is important to have both chloroplast and nuclear genomes to have a complete genetic landscape of this
process.

In 2015, seeking to incorporate oilseed crops (Sacha inchi and castor bean) as an economically viable alternative to
illegal ones, the Colombian government along with a consortium of different entities, which included EAFIT university,
launched a large project to increase the adoption of these alternative crops. As a continuation of that project, the
objective of this work is to sequence the total DNA of Plukenetia volubilis and present a draft for both chloroplast and
nuclear genomes.

Aiming to be the foundation for future works, this research will allow the exploration of the molecular basis of oil
biosynthesis of this non-model plant and will enable more specialized crop development programs.

2 Results

2.1 Data output from sequencing platforms

After gathering of plant material and DNA extraction (see Methods), we proceeded to sequence using Illumina and
Nanopore platforms at the High-Throughput Sequencing Facility of the University of North Carolina at Chapel Hill,
USA.

Short reads technology Illumina Hiseq 4000 system yielded a total of 622’892508 paired-reads while Oxford Nanopore
Technology the two GridION flowcells produced 5’560738 reads, with an N50 of 2 kbp. A possible explanation for the
small length of the nanopore reads is the presence of an excessive amount of short fragments of DNA in the library
before sequencing, which out-competed the long fragments in pore occupancy, giving a low N50 and yield (7 Gb).

2.2 Chloroplast genome assembly

The chloroplast genome contains genes that code for structural and functional components of the organelle. In most
plants, it consists of fairly long circular or linear chromosome ranging from 115 to 165 kb in size[11] in land plants and
160 to 163 Kb in the Euphorbiaceae family[12, 13, 14, 15, 16]. Its structure is composed by two copies of a duplicated
region arranged as inverted repeats (IRs), separated by a large single-copy (LSC) sequence and a small single-copy
(SSC) sequence[17, 18].

Whole genome sequencing (WGS) paired-end reads were pre-assembled using Norgal [19], which takes advantage of
the depth difference between nuclear and organelle reads to assemble only high depth sequences. Resulting scaffolds
were filtered based on Norgal blast considering: best hit matched to a chloroplast, length (at least 1000 bp), identity (at
least 95%) and alignment length (at least 200 bp). The filtered scaffold was used as seed for NOVOPlasty[20], which
uses the seed to extract an initial sample of the WGS reads to assemble and start extending from those reads. When it is
not able to extend more, NOVOplasty tries to circularize the sequence.

Using this strategy, we reconstruted Plukenetia volubilis chloroplast genome as a single circularized contig with a total
length of 164111 bp, the longest among Euphorbiaceae chloroplasts[12, 13, 14, 15, 16]. The size of the long single
copy section (LSC), the inverted repeats (IRs) and short single copy section (SSC) were 89833, 28209 and 17860 bp,
respectively.

We confirmed the final quality of the chloroplast genome using Pilon. We trimmed illumina paired-end reads using
Trimmomatic [21] and mapped the trimmed reads using BWA-MEM [22] to the generated genome. Even with an
average depth of 40560x Pilon did not change the sequence. Furthermore, we mapped nanopore reads using Minimap2
[23] to the chloroplast genome to check its structure. A total of 956508 long reads generated a continuous smooth
coverage with average 3917x depth, where the LSC, SSC and IRs could be clearly visualized with tablet[24] software
(Supplemental Figure S1).
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There was already an unverified Plukenetia volubilis chloroplast sequence reported (Genbank acc: MF062253)[25].
Our assembly differs from this sequence in genome size (164111 vs 161733), GC content (35.8% vs 36.2%) and the
lengths of the LSC, IRs and SSC. However, MF062253 sequence was scaffolded using Ricinus communis chloroplast
genome (Genbank acc: NC016736) as a reference [25], altering the natural structure of the genome.

Figure 1: Dotplot of Plukenetia volubilis chloroplast genome vs Ricinus communis chloroplast genome.

Indeed, using Mummer[26], we identified two large inversions in our assembly when we compared it with Ricinus
communis chloroplast (Figure 1). The first inversion is located in the middle of the LSC, spanning 39426 bp long. The
second inversion is harder to determine as it is not clear if it comprehends only the SSC or if it includes the IRs as
well. Both scenarios are indistinguishable from each other using dotplots. These structural variations were not detected
previously because they are not present in MF062253 sequence.

2.3 Genome profiling

Prior to assembling the nuclear genome, we performed kmer analysis on the raw reads to estimate several of the genome
features and get a better understanding of its structure.

Several studies suggest that Plukenetia volubilis might be polyploid [27, 28, 29]. Smudgeplot[30] is a novel kmer based
analysis tool which uses unique kmer pairs, that differ by one nucleotide, to unravel the genome structure underlying
the reads, and plot the different structures in a 2D space. Thus, we used Smudgeplot to determine Plukenetia volubilis
ploidy (Figure 2a). Also, we used genomescope2 to analyze the kmer profile under the assumption of tetraploidy
(Figure 2b). Genomescope fits a mixture model of evenly spaced negative binomial distributions to the kmer spectra to
estimate genome size, repetitiveness, and heterozygosity rates[30]. Kmer counts used by both tools were generated
using KMC [31].

From Figure 2a, even though the boundaries between the smudges are blurry (due to high coverage variability), it can be
seen that most of the heterozygous kmer pairs map around the structure AABB, which suggests tetraploidy. There are
another structures present in smaller proportions (which might have arisen from tandem repeats, genes with different
copy numbers, transposable elements, among other features.)

Furthermore, normalized minor kmer coverage (x-axis) shows that most of the heterozygous kmer pairs (88%) are
clumped at 1/2, which means they are balanced in a 1 to 1 correspondence. As this proportion is not possible in odd
ploidies (1n, 3n, 5n, etc.), this indicates that the ploidy has to be even, specifically either AB, AABB, AAABBB, etc.

Given the high levels of heterozygosity inferred by GenomeScope2 (Figure 2b), a diploid structure AB is unlikely as the
high divergence between the alleles would raise questions about how homologous chromosome pairing is maintained, as
this process is, in some extent, homology-dependent [32]. Similarly, an hexaploidy (6n) is unlikely as well, considering
that a structure AAABBB would be problematic in meiosis due to improper chromosomal pairing, as non-bivalent
homologous chromosome pairings are prone to aberrant chromosome segregation[33, 34]. Higher ploidies (8n, 10n,
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(a) Smudgeplot with L = 30, U = 2600 (b) Tetraploid Genomescope model

Figure 2: Genome profiling for Plukenetia volubilis

12n, etc.) would have been manifested as a wider distribution of kmer pairs in the smudges of Figure 2a or more peaks
in Figure 2b. Hence, we favor the initial estimation of tetraploidy.

Additionally, Genomescope2 model reports a proportion of kmer pairs AABB (12.7%) much higher than AAAB
(0.001%), which is a topology expected for allotetraploids[30]. Therefore, Plukenetia volubilis is the result of a
hybridization process, between two similar but different ancestors, that occurred at some point of the evolutionary
history. The big differences between structures AABB (12.7%) and AABC (1.45 %) suggests that the event is relatively
recent.

Genomescope2 model informs about other genome features, which helps to guide genome assembly. Plukenetia
volubilis nuclear genome presents a relatively small haploid size (197 Mb), a low proportion of repetitive content
(17.4%) and a high level of heterozygosity (14.2%). The last one is especially problematic for assembly, as heterozygous
regions tend to complicate the assembly graph structure and make difficult to phase the haplotigs[35].

2.4 Genome assembly

Regarding assembly, we explored several strategies combining different assemblers and preprocessing tools. Most
of them resulted in highly fragmented assemblies. The following is the detailed approach that led to the first draft of
Plukenetia volubilis genome (Figure 3).

For Illumina raw data, we first used BBDuk[36] to trim usual adapters used for Truseq sequencing and others detected
with FastQC, and filter synthetic molecules such as PhiX (used in Illumina sequencing). Resulting reads were processed
by Brownie-corrector[37], which is a targeted error correction tool. Brownie targets reads with a specific sequence (by
default, poly-A) and uses the paired-end information to cluster the reads and correct the reads within each cluster.

Unfortunately, Brownie failed to cluster the extracted reads and hence no error correction was performed. The remaining
reads were error corrected using Karect[38] and then both groups of reads were merged again. We specifically avoided
to correct the reads extracted by Brownie-corrector with Karect, as these regions tend to be overcorrected by global
error correction tools that introduce more errors instead[37].

On the other hand, we used Guppy (Oxford Nanopore Technologies) flip-flop model to basecall raw nanopore reads.
Resulting reads were processed with Yacrd[39] to reduce chimeras in nanopore reads.

A total of 622’892508 error corrected Ilumina paired reads and 4’699073 of preprocessed nanopore reads were used for
assembly.
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Figure 3: Workflow to assemble Plukenetia volubilis nuclear genome. Blue blocks represent preprocessing steps, red
blocks are assembly steps and yellow blocks polishing steps

For assembly, we explored three approaches: 1) short-read assembly: we evaluated Abyss, the GATB-minia-pipeline
(with no error correction, Minia[40], BESST [41]), Megahit [42] and IDBA-UD[43]; 2) long-read assembly and
polishing: given our previous experiences with long-read assemblies (data not shown) we only tested Flye[44],
polished with Racon[45] twice and Medaka (https://github.com/nanoporetech/medaka) using the nanopore
reads (mapped to assembly with Minimap2 [23]), and Pilon[46] using the Illumina reads (mapped to genome with BWA-
MEM [22]), in that order; 3) hybrid assembly: we evaluated Spades[47, 48], MaSuRCA [49] and Platanus-allee[50]
with both the preprocessed Illumina and ONT reads.

The ideal assembly of a genome would correctly represent the sequence of each of the organism chromosomes from end
to end without any gaps or ambiguities inside them. Every assessment of a de novo genome assembly tries to measure
the deviation of this ideal in some way.

Contiguity aims to encapsulate how fragmented is the assembly using solely descriptive information about the sequences
that compose it (the number of sequences on the assembly, how long they are, how many ambiguities are present in
them, etc.).

Moreover, as genes are the fundamental units of genomes, an assembly might be evaluated based on its gene content.
The main problems with this approach are, on the one hand, that gene prediction and annotation are a computationally
intensive task; on the other hand, assessing gene annotations for a de novo genome might be tricky, as it is not clear
beforehand what is expected to be found. BUSCO[51] circumvents both problems looking in the assembly only
for highly conserved single-copy orthologs of a phylogenetically closely related dataset, which are assumed have
to be present in the assembly. This fast approach provides a ceiling to the expected genes, a way to estimate gene
completeness in de novo assemblies, and is widely used in the genomics field.
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Besides, kmer-analysis is a widely used technique in bioinformatics. Its use to validate genome assemblies was
introduced by Mapleson et al. with KAT toolkit [52]. Recently, this approach was further extended by Rhie et al. with
Merqury [53]. In a nutshell, Merqury compares the kmer-spectra of the assembly with the kmer-spectra of the reads
used in the assembly. This enables Merqury to compute concensus quality (QV), kmer-completeness and visualize copy
number spectra (which is useful to identify redundancies, collapsed regions, etc).

Thus, we evaluated the quality of the generated assemblies with three different dimensions: contiguity, gene com-
pleteness and kmer-analysis. We used abyss-fac from the Abyss assembler to generate contiguity metrics; we also
used BUSCO to estimate gene completeness based on eudicotyledons-odb10 dataset; and Merqury to assess kmer
completeness and QV comparing the kmer-spectra of assemblies to the kmer spectra of the raw Illumina reads. The
main results are summarised in Table 1. Sequences shorter than 500 bp were filtered of assemblies before the quality
assessments.

To further inspect the contiguity of the assemblies, we made the N(x) plot presented in Figure 4 with a custom python
script. In a N(x) plot, the sequences of an assembly are sorted by length and their cumulative size fraction are plotted
against their size in decreasing order.

Figure 4: N(x) plots of generated assemblies.

Assembler E-sizea BUSCO Comp. (%)b Kmer Comp. (%) QVc Total size (Mb)

Flye 35139 47.5 36.5 27.6 301
Abyss 54000 96.1 95.6 57.3 566
Megahit 43780 95.6 96.4 50.5 587
Minia 63974 95.3 96.1 57.5 578
MaSuRCA 168206 96.4 94.7 41.5 596
Platanus-allee 119977 95.3 97.6 56 632
a Expected size (calculated by abyss-fac).
b Complete BUSCOs (single copy + duplicated).
c Phred score value; QV = −10 logP , where P is the probability of error.

Table 1: Quality statistics for assemblies generated by the workflow to assemble Plukenetia volubilis nuclear genome.
Sequences shorter than 500 bp were filtered before assessments.

We were not able to run Spades, as we failed to provide the resources it requested for our data. Similarly, IDBA did not
run by anomalous errors that we did not manage to solve.
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For any assembly, the higher is its curve in Figure 4 the more contiguous it is. The expected size (Table 1) is calculated
as the area under this curve and is useful to summarize it in a single metric. Thus, in terms of contiguity, it is clear that
the hybrid assemblers outperformed the other assembly approaches, being MaSuRCA the most contiguous, although
still highly fragmented (Other contiguity metrics are available in Supplemental Table S1).

Besides Flye, every assembly has a gene completeness higher than 95%, but they also present on average a genome size
2.87 times larger than the estimated by Genomescope2 model. This suggests that these assemblies are redundant and
might have several times the haploid genome. Interestingly, BUSCO gene completeness of these genomes report that
more than 90% of the genes are single copy and less than 5% are duplicated (Supplemental Figure S2). This apparent
contradicting evidence suggests that even though the genome is redundant, this redundancy is not evenly distributed,
and there is a bias in the regions that got repeated.

Regarding the kmer-based metrics, Flye performed poorly comparing to the other assemblers. These performed very
similar to each other except for MaSuRCA, which presents lower values, especially for QV. This made an interesting
contrast as MaSuRCA performed best in the previous categories. However, QV computation assumes that all the
kmers in the assembly should be present in the read set at least once [53]. This assumption may not apply for hybrid
assemblies as these incorporate ONT reads as well, and would result in an underestimation of the QV of the assemblies.
Although Platanus is a hybrid assembler, its assembly step only incorporates short reads and then it scaffolds with long
reads, which explains why its QV value is comparable to short read assemblers. This result shows that the MaSuRCA
assembly incorporates information (kmers) from the ONT reads that is not present in the Illumina reads. As Illumina
reads present amplification bias, it is possible that some regions of the genome got under-sampled or even not sequenced
[54], which reinforces the benefits of integrating data of different technologies.

Short read and Platanus assemblies appear to have a slight advantage in kmer-completeness comparing to the MaSuRCA
assembly. Nevertheless, a substantial part of the genome in these assemblies is composed by short sequences, which is
reflected in the earlier sharp drops in Figure 4 and a high number of sequences (n in Supplemental Table S1). Kmer
diversity (or completeness) is clearly more useful if it comes from longer sequences. Also, a question that arises from
fragmented assemblies is how useful the shortest sequences are, and furthermore, how to determine which to keep or
filter out.

To further investigate these, we filtered sequences in assemblies by size with different cutoffs (500, 1000, 2000, 5000,
10000, 15000, 20000) and evaluated how gene completeness, kmer completeness and QV changed. These variation
are presented in Figure 5a, 5b and S3, respectively. Flye assembly was excluded from this analysis to achieve better
visualizations.

(a) BUSCO completeness (b) Kmer completeness

Figure 5: Quality metrics variation of assemblies with cutoff size.

As we are removing information from the assemblies, the decreasing behaviour observed in figure 5 is expected.
However, the MaSuRCA assembly stands out as it is almost not affected by the cutoff, which suggests that little
information resides in the small sequences of this assembly. Indeed, it has a better kmer completeness (Figure 5b) after
10000 cutoff than the other assemblies, although at lower levels it performs worse. This means we almost certainly can
get rid of these without losing information.

The same can not be said for the other assemblies, which quickly lose information with increasing cutoffs. At the 10000
cutoff the difference is notorious. Platanus assembly is the best among these, reinforcing the superiority of hybrid
assemblies over short read assemblies.
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In contrast to completeness, QV behaviour is almost unaffected by the cutoff, or even slightly improves (Supplemental
figure S3). This makes sense as the shorter sequences might be on average of lower quality than longer ones, given that
they have more breaking sites per unit of information, and errors tend to concentrate in these regions.

Given the previous results, with the highest contiguity, the highest gene completeness and the best completeness
robustness, we consider that MaSuRCA assembly is the best candidate for Plukenetia volubilis draft genome.

2.5 Nuclear genome size mystery

The difference between genome sizes reported by genome profiling and assembly is puzzling. Although kmer-
based genome size estimation has shown high accuracy, even more than established experimental methods like flow
cytometry[55], there is a big gap between the estimated genome size (197 Mb) and the assembled genome size (596
Mb), being the later three times bigger than the former. Hence, either the estimated size, the assembled size or both are
incorrect.

Kmer-based genome size estimates underestimated genome size before [56, 57, 58], which is suggested to be due to the
exclusion of highly repetitive kmers from the analysis [55]. This is the default behaviour of KMC (count up to 10000x)
and we used a cutoff of 500x with GenomeScope2 to avoid organellar kmers to affect the estimate.

For this reason, we counted again using a higher cutoff (1 billion x) to include all the repetitive kmers and run
GenomeScope2 without coverage cutoff. We removed a high coverage peak in the range 1000-2000x that should
correspond to organellar kmers. The re-estimate is presented in Figure 6.

Figure 6: Genomescope model with all kmer, except chloroplast kmers.

The inclusion of the long tail of the histogram (highly repetitive kmers) in the GenomeScope2 model changed mainly
the genome size and the repetitive content estimates. Genome size jumped from 197 Mb to 334 Mb, which means that
137 Mb of repetitive content was missing from the original estimate. The exclusion of the high coverage peak, only
affected marginally the genome size estimate (12 Mb; Supplemental Figure S4). Taking this into account, the repetitive
content changed from 17.4% to 44.7%.

We confirmed this repetitive content using the Extensive De novo TE Annotator (EDTA)[59] to annotate the MaSuRCA
assembly, obtaining a total of 282 Mb of repeats, which represents around 47.25% of the genome.
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Nevertheless, this does not fully explain the nuclear size mystery, as the genome assembly size is still 1.78 times bigger
than estimated. Accordingly, the other part of the explanation has to involve the assembly. As discussed earlier, the
big genome size is common to all the generated assemblies except Flye (Table 1). As this is the case for all the these
assemblies, the root of the discrepancy has to be systemic.

One of the features inferred by Genomescope2, is the extremely high level of heterozygosity of the genome (reestimated
to 11.67%). Much lower levels of heterozygosity have been reported to complicate the assembly process and inflate
genomes to sizes higher than expected [60, 61, 62]. Thus, considering the heterozigosity of the genome, the MaSuRCA
assembly is likely to present most of both haplotypes. Interestingly, as BUSCO reported 91.4% of orthologs as single
copy and just 5% as duplicated, most of these genes are located at homozygous regions, which raises questions of how
prevalent is the heterozygosity among other genes. Furthermore, it also suggests that the heterozygosity is not evenly
distributed in the genome.

To address this, we used Haplomerger2[63], a post-assembly pipeline that aims to recover haplotigs from highly
polymorphic assemblies. We also evaluated Purge Haplotigs[64], a tool to curate higly heterozygous genome assemblies
identifying and classifying allelic contigs to separate the haplotigs. We assessed both outputs as we did with the previous
assemblies. Results are summarized in Table 2. MaSuRCA assembly is included for comparison.

Additionally, assembly kmer spectra of MaSuRCA and Haplomerger2, generated by Merqury, are presented in Figure 7
(assembly spectra of Purge Haplotigs is presented in supplemental Figure S5). In this figure, the kmer spectra of the
assembly (red) is plotted along with the kmer spectra of kmers that are present in the reads but not in the assembly
(grey). Ideally, for a non-polymorphic genome, the grey spectra would follow a negative exponential distribution, as the
probability of finding erroneous kmers decreases with higher multiplicities, which would also mean that assembly kmer
spectra has all the non-erroneous kmers from the reads. For polymorphic genomes, if only one haplotig is assembled,
part of the heterozygous kmers is expected to be absent.

Method # Sequences E-sizea BUSCO Comp. (%)b Kmer Comp. (%) QVc Total size (Mb)

MaSuRCA 13713 168206 96.4 94.7 41.5 596
Purge Haplotigs 10632 171397 96.4 94.03 42.6 581
Haplomerger2 9145 199626 96.1 91.8 42.8 550
a Expected size (calculated by abyss-fac).
b Complete BUSCOs (single copy + duplicated).
c Phred score value; QV = −10 logP , where P is the probability of error.

Table 2: Quality statistics for Haplomerger2 input and output.

(a) MaSuRCA assembly (b) Haplomerger2 main haplotype

Figure 7: Kmer spectra plots of assembly and reads
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From Table 2, we observed different results from both pipelines. Purge Haplotigs was able to reduce the number of
sequences, filtering those that were classified either as artifacts or haplotypes, while preserving completeness. However,
this had little effect in genome size (only 15 Mb), which suggests that most of the haplotigs are still present. On the
other hand, Haplomerger2 reduced the number of sequences even more and improved the assembly contiguity, although
it did not reduce the genome size substantially either (45 Mb). Alas, it reduced slightly gene completeness, which
suggests that it discarded some genes and more notoriously kmer completeness.

Some of the kmer completeness reduction is expected as these pipelines aim to separate the haplotypes and we are
assessing only one of them. Indeed, when we inspect the kmer spectra of the input and output of Haplomerger2 (Figure
7a and 7b, respectively.), we found an increase on the missing kmers (grey distributions). However, there is just a
small increase in the first hillock (around 50x), which corresponds to heterozygous kmers, while there is a much
substantial increase in the second hillock (around 120x), which corresponds to homozygous kmers. This suggests that
Haplomerger2 is confusing homozygous regions with heterozygous regions and removing the former from the assembly
instead of the latter. In contrast, kmer spectra of Purge Haplotigs resembles almost identically the kmer spectra of the
MaSuRCA assembly (supplemental Figure S5).

Overall, post-processing pipelines showed mixed results, both deteriorating and improving the MaSuRCA assembly.
Nevertheless, none of the assessed tools were able to resolve the heterozygosity issue and the draft assembly remains
with mixed haplotigs.

3 Discussion

In this work, we sequenced Plukenetia volubilis total DNA from leaf tissue. With the sequencing data generated we
were able to assemble completely de novo its chloroplast genome with reference-quality, infer several characteristics of
its nuclear genome through genome profiling, and propose the first draft nuclear genome of Plukenetia volubilis.

After confirming both sequence and structure of Plukenetia volubilis chloroplast genome, we found two inversions that
were not previously detected. The existence of rearrangements in segments of chloroplast genomes may be useful as
phylogenetic markers within genera or even within families, becoming a potential tool for understanding the evolution
of plant species[65]. Chloroplast genomes tend to be conserved in structure, especially in the same plant family, as
happens in other Malpighiales families (e.g. Salicaceae [66] , Chrysobalanaceae [67]). This trend seemed to apply
in the Euphorbiaceae family as well[65], until a 30 kb inversion was found in Hevea brasiliensis[15]. Our findings
further raise the question of how conserved is the chloroplast genomic structure in the Euphorbiaceae family. Future
sequencing work and analysis of other chloroplasts in the family will help to elucidate if this pattern is specific to some
genera or has a richer evolutionary history.

Using genome profiling we were able to infer several biological features of Plukenetia volubilis nuclear genome from
unassembled short reads. In fact, this approach guided the assembly process and allowed us to better evaluate and
interpret the assembly results.

Among its features we found a relatively small haploid genome size (334 Mb), a considerably high repeat content (47%),
and a high level of heterozigosity (11.67%). This positions Plukenetia volubilis genome as an outlier of a trend in
plants of increasing repetitive content with genome size [68, 69], having a repetitive content much higher than expected.
Moreover, our initial genome profiling estimates were flawed due to the exclusion of highly repetitive kmers. These
kmers accounted for 41% of the haploid genome size and 27.3% of the repetitive content. These kmers come from
repeats that exhibit a high degree of conservation. Under this observation, we speculate that Plukenetia volubilis genome
underwent a recent repeat expansion, possibly through class-1 retrotransposon activity [70, 71]. Further research is
needed to establish the existence of such event and the implications it may have for the species.

We could also infer that Plukenetia volubilis genome is allotetraploid with a high degree of heterozygosity coming from
its homoeologous chromosomes. We discard other ploidies with this level of heterozygosity for several reasons:

Besides the already discussed (see Genome profiling), it is hard to imagine a sexual reproducing species developing such
high levels of polymorphism only via evolution mechanisms. Although some degree of heterozygosity is present on the
population as genetic diversity, the main driver of diversification in sexual species is recombination [72, 73, 74]. In
fact, high levels of heterozygosity can reduce recombination of homologous chromosomes [75], possibly by hindering
homologous pairing [32]. This imposes a limit to the degree of heterozygosity a sexual species can accumulate with
evolution mechanisms. However, depending on the divergence between parentals, this limit can be bypassed through
hybridization, where the genetic diversification occurs in a single event.

We argue that the level of heterozygosity of Plukenetia volubilis further supports that its genome is product of
hydridization. This also complements our initial analysis regarding its ploidy, as allopolyploids (tetraploid in this case)
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tend to have higher leves of heterozygosity than homoploids (diploid) [76]. The high level of heterozygosity suggests
that the hybridization event was relatively recent, but more work is needed to locate it in the evolutionary history.

It is worth mentioning though, that there is an alternative model that could explain our genome profiling results: A
highly homozygous diploid structure of the genome. Under this model, the genome is so homozygous that the signal
observed in the smudgeplot (Figure 2a) is dominated not by heterozygous loci but rather by other sources, such as
paralogous genes, copy number variations, tandem repeats, etc. Nevertheless, we do not think this is the case as the
assembly stage would had yielded, in general, better results. One way to definitively rule out this alternative, a homology
search of annotated genes against the whole genome can be performed. If the genome is allotetraploid, the similarity
distribution of the secondary hits should exhibit a peak around the expected divergence of the homoeologous (10%),
while a homozygous diploid genome would yield a random distribution.

Thanks to our available data, we were able to evaluate different preprocessing and assembly approaches. Most of them
produced highly fragmented assemblies, and were not described in this work for brevity. In short, we evaluated short
read assembly, hybrid assembly and long read assembly with polishing.

Even though long read assemblers are expected to outperform short read assemblers[77], it was not surprising that
hybrid assemblers were superior, considering the low quality of our nanopore data (read N50 2kb) and low depth (total
data less than 7 Gb). Thus, long read assemblers did not have enough information to work with. Yet, there was still
useful information in the data, giving hybrid assemblers better chances to find a good representation of the genome than
short read assemblers.

In our assessment of the different assemblies, we found that the MaSuRCA assembly had the best quality, exhibiting
high and robust completeness at both gene and kmer level. The high levels of heterozygosity prevented us to achieve
higher contiguity and a closer representation of the haploid genome. Although we evaluated post-processing tools that
handle highly heterozygous assemblies, we were not able to improve it significantly. Hence, the assembly remains with
mixed haplotigs, which might be problematic for some downstream analysis if not taken into account properly[78].

Still, our draft genome assembly represent a useful resource for the study of this promising crop. It will facilitate and
accelerate the genetic improvement of Plukenetia volubilis through molecular breeding and exploitation of genetic
resources. It also will help to get a better understanding of the molecular bases of the phenotypic traits.

In addition to the aforementioned, several avenues opened for future work. From an evolutionary point of view, the
reported genomes will help to get a better view of the Euphorbiaceae family, given the plethora of new markers.
Further refinement of the genome will be helpful for downstream analysis, opening of new possibilities. Heterozygosity
handling, improving contiguity, and disambiguate collapsed repeat content are of special interest in this regard. Gene
annotation and metabolic analysis will be key to comprehend the biological basis of Plukenetia volubilis oil composition,
including the accumulation of polyunsaturated fatty acids. This understanding will represent a major step towards the
development of genetic improvement programs.

4 Methods

4.1 Plant material

This research was conducted at Plant Biotechnology Laboratory and Molecular Biology Laboratory of the Department
of Biological Sciences at Universidad EAFIT, Medellin, Colombia. Both leaves and seeds were collected from one
Plukenetia volubilis cultivar in Santa Rosa, Antioquia (Colombia) farm, having a permit for this gathering issued by
the National Authority for Environmental Licenses (ANLA acronym in Spanish), covered in resolution 1516 of 2014
(modified through resolution 1312 of 2015). It was not possible to further trace back the origin of the cultivar, although
it is likely it was introduced from Peru at some point. Then, sample was washed completely with distilled water, wiped
and packed in a bag to avoid light degradation, and stored at -20 C.

4.2 DNA extraction and sequencing

For Nanopore and Illumina sequencing, high molecular weight genomic DNA from leaves of cultivar 1 (C1) was
isolated following Ramírez-Ríos et al. protocol[79] with some adaptations for plant DNA, described in supplemental
methods.

Extract quality was evaluated using gel electrophoresis for size estimation, spectrophotometry (A260/A280 and
A260/A230 ratios) for purity estimation, and Qbit for total DNA extracted. DNA samples with a A260/A280 ratio close
to 2 and a A260/A230 ratio above 1.5 were conserved.
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4.3 Computing resources

All bioinformatic analysis presented in this work were executed in the center of scientific computing Apolo at EAFIT
university.

Each analysis was perfromed in either a standard node, with 32 cpu threads and 64 Gb of memory; or a big memory
node, with 24 cpu threads and 378 Gb of memory.

4.4 Chloroplast genome assembly

Raw Illumina reads were used as input to Norgal (v1.0.0) with default settings. Resulting scaffolds were filtered with
a custom python script based on Norgal blast considering: best hit matched a chloroplast, length (at least 1000 bp),
identity (at least 95%) and alignment length (at least 200 bp).

Novoplasty(v2.7.2), which was used to assemble the same WGS paired-end reads, using the survivor scaffold after
filtering as seed, 100-200 kb as genome range, a kmer length of 39, an insert size of 370, and the remaining parameters
as default.

Raw paired-end reads were trimmed using Trimommatic-PE (v0.39) with a sliding window of width 4 and quality 25 and
a min length of 50. All surviving (paired and unpaired) reads were mapped using BWA-MEM(v0.7.17). Samtools(v1.9)
was used to filter the unmapped reads and sort the resulting alignments. These were provided to Pilon, along with the
generated sequence, with options fixset to all and min depth set to 60.

Nanopore raw reads were basecalled with Guppy (v2.3.5) using the flip-flop model (currently renamed as high accuracy
model) with default settings. Passing reads (mean QV > 7) were mapped using Minimap2 (v2.17-r941), in mode
map-ont and remaining parameters set to default. Samtools(v1.9) was used to filter the unmapped reads and sort the
resulting alignments.

Nucmer, from the Mummer (v3.23) program, was used to align Ricinus communis chloroplast genome and the assembled
chloroplast genome, with default parameters. Resulting delta file was used to generate the dotplot using mummerplot
with default parameters.

4.5 Genome profiling

Kmer counting of 21-mers was performed on the raw Illumina data using KMC (v3.1) with default parameters. Resulting
kmer spectra was used as input for Genomescope2 web-portal, with max coverage set to 500 and ploidy to 4; and
Smudgeplot (v0.2), with lower and upper thresholds set to 30 and 2600, respectively.

4.6 Genome Assembly

4.6.1 Preprocessing:

Cleaning of Illumina raw data was carried out using BBduk (v37.62), from the BBtools package. Adapters commonly
used in preparation of Illumina libraries, PhiX adapters (both included in BBTools package) and adapters found by
FastQC (v0.11.8) were removed at both sides of the reads, setting k to 23 and mink to 21. Another round of BBduk was
used to filter reads matching PhiX174 virus genome sequence (NC001422.1), with k set to 31.

Error correction of clean Illumina data was performed using Brownie corrector (v0.1), with default extraction motif (15
bp long poly-A) and default parameters. Reads not processed in the previous step were corrected using Karect (v1.0),
with celltype set to diploid and matchtype to hamming.

Passing reads after basecalling (section 4.3) were used to compute all vs all overlaps using Minimap2 (v2.17-r941) in
ava-ont mode. These overlaps were used to further preprocess the reads using Yacrd (v0.5.1) and remove chimeric
reads, using default settings.

4.6.2 Assembly and polishing:

For short read assembly the Illumina error corrected paired-end reads were used as input to the following assemblers,
with default parameters unless stated otherwise:

• Abyss (v2.1.5) was used with several kmer values (39, 50, 70, 90, 110). The best assembly was kept for
downstream analysis.
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• GATB-minia-pipeline, which uses Minia (v3.2.1) for assembly and BESST (v2.2.8) for scaffolding, was used
without error correction and evaluating different kmer values (21, 39, 57, 75, 93, 111, 127).

• Megahit (v1.2.8) was used with min-kmer value set to 27, min-count set to 4 and option no mercy.

• IDBA-UD (v1.1.3) was used with min-count set to 3 and no-correct option.

For hybrid assembly, the same reads used for short read assembly and the preprocessed nanopore reads were used as
input to the following assemblers, with default parameters unless stated otherwise:

• Spades (v3.13.1) was used in hybrid mode, kmer values of 21, 39, 57, 75 and option cov-cutoff set to auto.

• Platanus-allee (v2.0.2) was used in three steps: first, platanus assemble mode using Illumina data as input and
a minimum-kmer coverage of 3; second, platanus phase using both Illumina and ONT reads as input to phase
the assembly generated in the previous step in 3 iterations; finally, platanus concensus using both Illumina and
ONT reads as input to make a concensus over the phased blocks found in the previous step.

• MaSuRCA (v3.3.3) was used setting its Illlumina reads mean insert size to 270 and standard deviation to 90
(determined with BBmerge), limit jump mates set to 300, kmer count threshold set to 2, and options use linking
mates and close gaps.

For long read assembly and polishing, Flye (v2.4.2) was used with the nanopore reads aforementioned as nano-raw
input and genome size set to 200 Mb. The generated assembly was polished twice using Racon (v1.4.3), with parameters
match set to 8, mismatch to -6, gap to -8 and window size to 500. Mapping of ONT reads to assembly for this step
was performed using Minimap2 in map-ont mode. The assembly was further polished with the ONT reads using
medaka (v0.8.1) with model r941_flip235. For polishing with Illumina reads, reads were mapped to assembly using
BWA-MEM (v0.7.17) and resulting alignments sorted with Samtools (v) which were then used as input to Pilon (v1.23)
with parameter fix set to all and option diploid.

4.6.3 Assembly quality evaluation

The following methods were used to evaluate quality of the generated assemblies:

Contiguity metrics were computed with abyss-fac from the Abyss assembler. Gene completeness was estimated using
BUSCO (v3.0.2) comparing to the eudicotyledons-odb10 dataset. For Merqury (v2020-01-29) analysis, a Meryl (v1.0)
database of the raw Illumina reads was created with a kmer size of 19 and each genome was compared to this database.

Assembly filtering by size and Figures 4, 5 and S3 were made with custom python scripts using Biopython [80], Pandas
[81, 82], Matplotlib [83] and Seaborn [84].

4.7 Nuclear size mistery

Kmer counting of 21-mers was performed on the raw Illumina data using KMC with counts up to 1000000000x.
Resulting kmer spectra was used as input for Genomescope2 web-portal, without max coverage (set to −1) and ploidy
to 4.

EDTA (v1.6.4) pipeline was used, and thus all its dependencies [85, 86, 87, 88, 89, 90, 91, 92], to annotate the repetitive
content of the MaSuRCA assembly, with options sensitive, anno and evaluate.

Illumina error corrected reads were used as input for both HaploMerger2 (v20180603) and Purge Haplotigs (v1.1.0).
MaSuRCA assembly was masked with windowmasker (v1.0.0) prior to HaploMerger2 processing, which was run
with default parameters. Reads were aligned to assembly using BWA-MEM and sorted with Samtools, before Purge
Haplotigs processing: depth was set to 300 for hist step and low, mid and high were set to 16, 80 and 240 for cov step;
remaining parameters were set as default.
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6 Appendix

6.1 Supplemental methods

6.1.1 DNA extraction and sequencing

Plant DNA extraction was performed following a modification of Ramirez-Rios et al. [79]. Lysis buffer from Schalamun
and Schwessinger was also used [93]. Gravities and time were modified in the centrifugation steps, to decrease the
mechanical shearing stress over the DNA, ensuring an unchanged decanting time.

Around 150 mg of freshly harvested leaves were ground in liquid nitrogen with a mortar and pestle and immediately
transferred to 1 ml, previously heated to 64 ◦C, of either CTAB (100 mM Tris-HCl pH 8.0, 1.4 M NaCl, 20 mM
EDTA, 2x CTAB, 0.1% (v/v) β-mercaptoethanol) or lysis (2% PVP 40, 500 mM NaCl, 100 mM TRIS-HCl pH 8,
50 mM EDTA, 1.25% SDS, 1% (w/v) sodium metabisulfite, 5 mM Dithiothreitol (DTT)) buffer, and incubated at 37
◦C for 30 min. The extract was added with 1 µl of proteinase K (10 mg/ml) and incubated another 30 min at same
temperature. After a 5 min cool down, 0.3 volumes of 5M potassium acetate were added and the extract was centrifuged
(2000g for 48 min at 4 ◦C). Supernatant was transferred to a fresh tube, 1 volume of chloroform-isoamylalcohol (24:1)
was added, and gently mixed by inversion before centrifuging (2000g for 48 min at 4 ◦C). The previous step was
performed twice. The aqueous phase was transferred to a fresh tube, 0.1 volumes of 3M sodium acetate were added
and the tube was gently mixed by inversion before 1 equivalent volume of isopropanol was added. The extract was
incubated at -20 ◦C overnight and then centrifuged (10000g for 10 min at 4 ◦C). The resulting DNA pellet was washed
with 200 µl of 70% ethanol and centrifuged (10000g for 10 min at 4 ◦C) twice before left to dry at room temperature
for 30 min. The pellet was resuspended in 40 µl of nuclease-free water and 1 µl of RNAse A (1 mg/ml) was added
before a final incubation at 37 ◦C for 1 hour.

6.2 Supplemental figures and tables

Figure S1: Chloroplast genome coverage with ONT reads.
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Figure S2: BUSCO gene completeness for Plukenetia volubilis nuclear genome assemblies.

Figure S3: QV variation of adssemblies with cutoff size.
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Figure S4: Genomescope model with all kmer

Figure S5: Kmer spectra plot of Purge Haplotigs curated assembly.
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Assembler na n:2000b L50 N75 N50 N25 Max Size (Mb)c

Flye 18738 14216 3184 19616 31064 45848 156402 297.7
Abyss 669643 25539 3683 19958 40670 74530 464213 537.3
Megahit 775739 29681 4340 17458 35558 62757 351667 538.6
Minia 290756 22588 3169 24016 48992 87791 494742 551.6
MaSuRCA 13713 10722 1428 55625 112275 213463 1627529 594.3
Platanus-allee 688159 20551 1898 37869 88042 169274 750764 616.9
a Number of sequences
b Number of sequences larger than 2000 bp
c Genome size calculated as the sum of the n:2000 scaffolds
d Complete BUSCOs (single copy + duplicated)

Table S1: Contiguity and gene completeness for different assemblers
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