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Abstract. Truong HTH, Ho HN, Nguyen DT, Ho NTH, Nguyen C, Huynh CV. 2026. Draft genome assembly of Piper divaricatum reveals
genomic basis of eugenol biosynthesis and evolutionary position. Biodiversitas 27 (4): d270434. https://doi.org/10.13057/biodiv/d270434.
Piper divaricatum is an aromatic member of the Piperaceae valued for its bioactive secondary metabolites, particularly eugenol, as well
as its resistance to major plant pathogens. Despite its importance, genomic resources for this non-model species remain limited. In this
study, we present a highly fragmented draft genome assembly generated from Illumina paired-end short reads and assembled with
SPAdes. The resulting assembly spans approximately 743 Mb, representing 99.97% of the estimated genome size based on Piper
nigrum, but exhibits low contiguity (N50 = 6 kb). Repetitive elements account for 78.46% of the genome, contributing substantially to
fragmentation. BUSCO analysis recovered 79.3% of complete genes and 18.1% of fragmented genes, indicating that a large proportion
of conserved gene content is captured despite assembly limitations. A total of 117,252 gene models were predicted, though this number
is likely inflated due to fragmentation and repeat-induced gene splitting. Functional annotation assigned 2,026 genes to KEGG
pathways, reflecting conserved metabolic and regulatory networks. Ks distribution analysis of paralogous gene pairs revealed a peak
around 0.5, suggesting ancient large-scale duplication events, although confirmation of whole-genome duplication requires
chromosome-level assemblies and synteny analysis. Phylogenomic reconstruction based on single-copy orthologs places P. divaricatum
within Piperales and supports a sister relationship with Cinnamomum kanehirae, with divergence estimated at ~121.7 Mya.
Additionally, candidate genes associated with the phenylpropanoid pathway, including partial EGS1-like fragments, were identified,
providing preliminary insights that warrant further transcriptomic and biochemical validation. Overall, this draft genome provides a
foundational resource for future functional and comparative genomic studies in the genus Piper.
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INTRODUCTION sequences have been reported for several Piper species,
contributing to phylogenetic and comparative analyses within
Piper divaricatum G. Mey. is a tropical aromatic species  the genus (Cai et al. 2006; Lee et al. 2016; Wang et al.
belonging to the Piperaceae family and is native to South  2018; Gaikwad et al. 2023).
America (Jaramillo and Manos 2001). Species of the genus De novo transcriptome sequencing in black pepper
Piper produce bioactive secondary metabolites, including (Piper nigrum) has generated extensive expressed gene
alkaloids, terpenoids, and phenylpropanoids, which are datasets, enabling the identification of genes and metabolic
associated with antimicrobial, antifungal, antioxidant, and pathways involved in piperine biosynthesis (Hu et al
insecticidal activities (Pavithra 2014). In P. divaricatum, 2015). To date, a chromosome-scale nuclear genome
essential oils are particularly rich in eugenol and assembly is available only for P. nigrum, providing insight
methyleugenol, which have been reported to inhibit into genome organization and piperine biosynthesis (Hu et
important plant pathogens and nematodes (da Silva et al.  al. 2019). Magnoliids remain underrepresented in nuclear
2010; Truong et al. 2023). Experimental studies have  genome data relative to monocots and eudicots. This restricted
further shown that this species displays resistance to sampling constrains comparative analyses of genome
Phytophthora capsici and Meloidogyne incognita (Kofoid  evolution and metabolic diversification across early-
& White, 1919) Chitwood, 1949) (Truong et al. 2023).  diverging angiosperm lineages.
These phytochemical and defensive properties highlight P. Genomic resources are particularly important for
divaricatum as a promising genetic resource for studying understanding the genetic basis of secondary metabolite
secondary metabolism and for potential applications in  biosynthesis. In aromatic species, the phenylpropanoid
crop protection and improvement. pathway produces numerous defense-related and volatile
Despite its biological and pharmacological significance, compounds. Eugenol Synthase (EGS) catalyzes the
genomic resources for Piper species remain limited and conversion of coniferyl acetate into eugenol, a key
unevenly distributed. Most molecular studies have focused component of essential oils with documented biological
on plastid genomes and transcriptomic datasets. Plastome  activities (Pavithra 2014). In several angiosperms, genes
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associated with secondary metabolism have experienced
duplication and functional divergence, processes that may
be linked to ancient polyploidy events (Jiao et al. 2011).
The increasing availability of reference genomes has
enabled the identification of orthologous and paralogous
gene families, syntenic relationships, and patterns of gene
family expansion. Such analyses have also facilitated the
detection of ancient Whole-Genome Duplication (WGD)
events and their potential contributions to metabolic
innovation (Jiao et al. 2011; Hu et al. 2019). However,
whether similar duplication dynamics have shaped the
phenylpropanoid pathway and other metabolic gene
families in P. divaricatum remains unknown.

At present, no nuclear genome assembly has been
reported for P. divaricatum, leaving its genome architecture,
repeat landscape, gene content, and evolutionary history
largely unexplored. In particular, the presence and extent of
gene duplication and potential whole-genome duplication
signatures have not been investigated in this species. The
absence of a nuclear reference genome also limits the
identification of candidate genes underlying eugenol
biosynthesis and other traits of ecological and agronomic
interest. Generating a draft nuclear genome assembly
therefore represents a critical step toward understanding
genome structure and metabolic evolution in P. divaricatum
and expanding genomic representation within magnoliids. By
providing foundational genomic data, such a resource can
support comparative genomics, phylogenomic analyses, and
future functional studies of secondary metabolism in the
genus Piper.

In this study, we aimed to generate the first scaffold-
level nuclear genome assembly of P. divaricatum. Our
specific objectives were to: (i) assemble and annotate the
genome to characterize its repeat composition and predicted
gene content; (ii) investigate potential signatures of gene
duplication and whole-genome duplication; (iii) assess its
phylogenetic position among representative angiosperms; and
(iv) identify genes associated with eugenol biosynthesis,
particularly Eugenol Synthase (EGS) homologs. We
hypothesized that the P. divaricatum genome bears
signatures of duplication and expansion of secondary
metabolism-related genes, and we tested this using genome-
wide comparative analyses. The assembled genome provides
a key resource for studies of metabolism, evolution, and
breeding in Piper.

MATERIALS AND METHODS

Plant material

The accession HUIB PD36 of Piper divaricatum was
obtained from cultivated material maintained at the
Institute of Biotechnology, Hue University, Vietnam. This
accession was originally collected from central Vietnam
and the species was identified and has been deposited in the
GenBank under accession numbers MZ636755 (Rasphone
et al. 2022). The accession has previously been evaluated
for resistance to P. capsici and M. incognita (Truong et al.
2023).
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Genomic DNA extraction and library preparation

High-molecular-weight genomic DNA was extracted from
young leaves using a modified CTAB protocol optimized
for plant tissues rich in secondary metabolites (Doyle and
Doyle 1990). The quality of the DNA was assessed through
agarose gel electrophoresis and subsequently purified using
QIAGEN DNA purification columns. DNA purity was
evaluated through spectrophotometric ~measurements,
specifically by calculating the A260/A280 and A260/A230
ratios. Genomic DNA was used to construct a short-insert
library following the Illumina standard protocol. The
library had an average insert size of ~150 bp (excluding
adapters) and was sequenced on the Illumina NovaSeq
platform using 150 bp Paired-End reads (PE150). Given
the short insert size, paired-end reads were expected to
overlap substantially and were merged during downstream
preprocessing to generate high-quality consensus sequences
before assembly.

Read preprocessing and quality control

Raw paired-end reads were initially evaluated using
FastQC v0.21.1 to assess overall sequencing quality. The
evaluation metrics included per-base sequence quality, per-
sequence quality scores, GC content distribution, per-base
N content, adapter contamination, and sequence length
distribution. Adapter trimming and quality filtering were
performed using Trimmomatic v0.39 with parameters:
ILLUMINACLIP:2:30:10, SLIDINGWINDOW:4:20,
MINLEN:100. Reads containing residual adapter sequences,
ambiguous bases, or regions with average quality score
Qscore below 20 were removed. Reads shorter than 100 bp
after trimming were discarded.

Genome assembly

De novo assembly was conducted using SPAdes
v3.15.5 (Bankevich et al. 2012) with k-mer sizes 33, 55,
77, and 99. The "--careful" option was enabled to reduce
mismatches and short indels. SPAdes was selected because
it is specifically optimized for short-read data and performs
well with small insert sizes. Overlapping paired-end reads
by integrating multi-k-mer strategies and read error
correction within a de Bruijn graph framework. In contrast,
assemblers such as SOAPdenovo and ALLPATHS-LG are
less effective with highly overlapping short-insert libraries
and typically benefit from multiple library types (e.g.,
mate-pair), while MaSuRCA and hybrid assemblers are
primarily designed to leverage long-read or mixed
sequencing data, which were not available in this study.

Only paired-end reads were used; no mate-pair, long-
read, or Hi-C data were incorporated. Contigs were
generated based on using de Bruijn graph-based assembly,
and scaffolding was performed using paired-end information
within SPAdes without additional long-range scaffolding.
Redundant haplotigs were removed using purge haplotigs
(Roach et al. 2018). Assembly metrics were calculated
using QUAST v5.0.2 (Gurevich et al. 2013), including total
assembly size, number of scaffolds, GC content, longest
scaffold, and scaffold N50.
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Genome completeness assessment

Completeness was evaluated using BUSCO v5.8.2 (Manni
et al. 2021) in genome mode with the embryophyta odb10
dataset. Metrics reported include percentages of complete
(single-copy and duplicated), fragmented, and missing
BUSCO genes.

Repeat identification and masking

Repetitive elements were identified using a combined
approach: (i) De novo library construction using
RepeatModeler2 (Flynn et al. 2020); (ii) Curated repeat library
integration, incorporating RepBase-derived elements. Low-
complexity sequences and simple repeats were filtered
during masking. Genome masking was performed using
RepeatMasker (Tarailo-Graovac and Chen 2009) with both
de novo and curated libraries. Soft-masked genomes were
used for gene prediction to prevent inflation of gene counts
due to transposable element fragments.

Gene prediction and functional annotation

Structural genome annotation was performed using
Funannotate v1.8.17, which integrates ab initio gene
prediction with evidence-based approaches. Gene models
were generated using the funannotate predict pipeline with
evidence-guided training. The minimum protein length was
set to 50 amino acids (--min_protlen 50) to exclude very
short open reading frames unlikely to represent functional
genes.

Protein homology evidence was obtained from the
UniProtKB/Swiss-Prot curated protein database and the plant
RefSeq protein database to improve gene model accuracy
and reduce overprediction. These datasets were supplied to
Funannotate via the --protein_evidence parameter to guide
gene model construction and boundary refinement.

To avoid inflation of gene numbers due to repetitive
elements, Transposable Element (TE)-associated models were
filtered prior to final gene set generation. Repeat regions
were identified using a custom repeat library and masked
before prediction. Predicted gene models with >50% of
their length overlapping annotated repeat regions were
removed, as such models are likely dominated by
transposable element-derived sequences rather than bona
fide protein-coding genes. This threshold balances avoiding
over-filtering of genuine genes that contain limited repetitive
segments and minimizing the retention of TE-derived
predictions. Models containing TE-related domains (e.g.,
reverse transcriptase, transposase, integrase) identified by
InterProScan were also excluded to increase specificity.

Functional annotation was conducted using InterProScan
5.68-100.0 (Quevillon et al. 2005) to identify conserved
protein domains and functional signatures. Gene Ontology
(GO) terms were assigned based on InterPro domain matches
integrated through the Funannotate workflow. Additional
protein feature predictions were performed using Phobius
1.01 (Kall et al. 2007) for transmembrane topology and
signal peptide detection, and SignalP 6.0 (Teufel et al.
2022) for signal peptide prediction.

The final annotation set was summarized and formatted
using Genome Annotation Generator (GAG) v2.0.1 to
produce standardized outputs suitable for downstream
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analyses and data submission. Genome visualization and
gene mapping were generated using Circos 0.69-8
(Krzywinski et al. 2009), displaying assembled contigs of
the P. divaricatum genome along with repeat regions, gene
density, predicted genes, functionally annotated genes,
eugenol biosynthesis-related genes, and GC content
distribution.

KEGG annotation
KEGG pathway mapping was conducted using eggNOG-
mapper v2, which included KEGG orthology assignment.

Codon usage analysis

Codon usage was calculated using the CodonW v1.4.4
(Peden 1999). The input for this analysis consisted of the
gene sequences obtained after the annotation process. The
parameters used included the option to "Concatenate
genes" to calculate the average codon usage across all
genes, and the genetic code selected was the "Universal
Genetic Code". The RCSU (Relative Synonymous Codon
Usage) statistical chart for each codon was analyzed. Only
predicted Coding Sequences (CDS) longer than 300 bp,
containing valid start and stop codons, and without internal
stop codons were included. Relative Synonymous Codon
Usage (RSCU) and Effective Number of Codons (ENC)
were computed.

SSRs identification

Simple Sequence Repeats (SSRs) were identified
independently from the assembled genome using MISA
(MIcroSAtellite identification tool). Detection parameters
were defined according to motif length as follows:
mononucleotide repeats with a minimum of >10 repeat
units; dinucleotide repeats >6 repeat units; trinucleotide
repeats >5 repeat wunits; and tetra-, penta-, and
hexanucleotide repeats >5 repeat units. SSRs were
classified into mononucleotide, dinucleotide, trinucleotide,
tetranucleotide, pentanucleotide, and hexanucleotide
categories based on motif size. Compound SSRs were
included in the analysis when two SSR loci were separated
by <100 bp, following the default compound microsatellite
definition in MISA. Overlapping SSRs were resolved
automatically by MISA; only the longest non-redundant
SSR locus was retained in the final dataset. The total
number of SSRs was calculated after applying the defined
motif-specific thresholds and filtering criteria across the
entire assembled genome.

Orthology and Ks-based duplication analysis

To investigate orthologous and paralogous relationships
and infer potential gene duplication events, protein
sequences from P. divaricatum were compared with those
from five representative angiosperm species: Papaver
somniferum, Liriodendron chinense, Coffea canephora,
Helianthus annuus, and Vitis vinifera.

Ortholog and paralog identification

All-against-all similarity searches were conducted using
BlastP v2.12.0 (NCBI) with an E-value cutoff of <le-5 and
a minimum alignment coverage of 50%. Orthologous and
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paralogous gene groups were identified across the six
species and subsequently clustered using OrthoMCL v2.0.9
(Li et al. 2003) with an inflation parameter of 1.5.

Codon alignment and Ks calculation

For each identified gene pair, protein sequence
alignments were generated and converted into codon-based
nucleotide alignments using PAL2NAL v14 (Suyama et al.
2006). Poorly aligned regions were trimmed prior to Ks
estimation by removing alignment columns containing gaps
in more than 50% of sequences. In addition to PAL2NAL’s
built-in frame-consistency filtering, codon positions with
internal stop codons or ambiguous nucleotides were excluded.

Synonymous substitution rates (Ks) were calculated
using KaKs Calculator v2.0 (Wang et al. 2010) under the
Yang-Nielsen (YN) model. Gene pairs with Ks >5 were
discarded to minimize substitution saturation effects.

Ks distribution and duplication inference

Ks distributions were analyzed separately for paralogous
and orthologous gene pairs. Ks values were grouped into
bins of 0.05 intervals to generate frequency distributions.
Gaussian mixture modeling was performed using Mclust
v5 (Scrucca et al. 2016) to identify potential duplication
peaks and estimate mean Ks values for each component.
These analyses were used to infer possible whole-genome
duplication or large-scale duplication events in P. divaricatum.

Visualization

All graphical representations of Ks distributions were
generated using the Matplotlib library in Python 3 (Hunter
2007).

Phylogenomic reconstruction and divergence time
estimation
Ortholog identification

Orthologous gene families were constructed from 20
plant genomes, including P. divaricatum, using OrthoMCL
v2.0.9 (Li et al. 2003). To facilitate transparency and
reproducibility, a complete list of the 20 species, their major
taxonomic groups (monocot, eudicot, magnoliid, basal
angiosperm), and genome data sources is provided in Table
1.

Clustering was performed with an inflation parameter
of 1.5. Only single-copy orthologs shared among all selected
species were retained for phylogenetic reconstruction to
minimize the influence of paralogous sequences. The Venn
diagrams illustrating shared gene families were generated
using Matplotlib library in Python 3 (Hunter 2007).

Sequence alignment and trimming

Protein sequences of single-copy orthologs were aligned
at the amino acid level. Poorly aligned and non-conserved
regions were removed using Gblocks v0.91b (Castresana
2000) under less stringent parameters to retain informative
positions while excluding ambiguous alignment blocks.

Phylogenetic analysis
The concatenated alignment of trimmed single-copy
orthologs was used to reconstruct a maximum-likelihood
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phylogenetic tree using RAXML v8.2.12 (Stamatakis 2014)
under the PROTGAMMAILGF substitution model. Nodal
support was evaluated with 1000 bootstrap replicates.

Divergence time estimation

Divergence times were estimated using BEAST v2.6.3
(Drummond and Rambaut 2007) under a calibrated Yule
speciation model and a strict molecular clock. Divergence-
time estimation was performed using secondary calibration
constraints derived from published large-scale angiosperm
timetrees (Magallon et al. 2015; Li et al. 2019). These
values were implemented as probabilistic priors rather than
primary fossil calibrations. Lognormal or normal distributions
were applied to reflect uncertainty in published node-age
estimates (Table 2). Markov Chain Monte Carlo (MCMC)
analyses were run for 10,000,000 generations, sampling
every 1,000 steps. The first 10% of samples were discarded
as burn-in. Convergence and Effective Sample Sizes (ESS)
were assessed using Tracer, with ESS wvalues >200
considered indicative of adequate sampling. The final time-
calibrated phylogenetic tree was visualized using iTOL v5
(Letunic and Bork 2021).

Identification of eugenol-related genes

To identify candidate genes involved in eugenol
biosynthesis, known Eugenol Synthase (EGS1) protein
sequences from experimentally characterized plant species
were retrieved from the UniProt database. These reference
sequences were used as queries in BLASTP searches
against the predicted protein set of P. divaricatum, with an
E-value cutoff of <le—10 and a minimum alignment
coverage of 60%.

Putative EGS homologs were subjected to additional
filtering to reduce false positives arising from generic Short-
chain Dehydrogenase/Reductase (SDR) family members.
Candidate sequences were retained only if they met the
following criteria: (i) Presence of conserved SDR domains
as identified by InterProScan v5.68-100.0 (Quevillon et al.
2005); (i) Alignment length comparable to validated EGS
proteins; (iii) Phylogenetic clustering with experimentally
characterized EGS sequences in a maximum-likelihood
tree.

Functional annotations generated through Funannotate
v1.8.17 were integrated with InterProScan domain predictions,
as well as signal peptide and transmembrane predictions
from Phobius v1.01 (K&ll et al. 2007) and SignalP v6.0
(Teufel et al. 2022), to further validate gene models.

To examine the evolutionary conservation of eugenol-
related genes, orthologous groups were identified across 20
representative plant genomes, including P. divaricatum,
using OrthoMCL v2.0.9 (Li et al. 2003) with an inflation
parameter of 1.5. Orthogroups containing validated or
putative EGS sequences were extracted for comparative
analysis.

This multi-step strategy, combining homology search,
conserved domain verification, and phylogenetic validation,
minimized misannotation of unrelated SDR enzymes and
increased confidence in the identification of bona fide EGS
homologs.
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Table 1. Species included in phylogenomic analysis
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Species Family Major clade Genome source (Reference) Resource

Piper divaricatum G.Mey. Piperaceae Magnoliid This study This study

Papaver somniferum L. Papaveraceae  Eudicot Guo et al. (2018) NCBI (GCA_003573695)

Arabidopsis thaliana (L.) Heynh. Brassicaceae  Eudicot (rosid)  Arabidopsis Genome Initiative EnsemblPlants (Araport11)
(2000); Cheng et al. (2017)

Brassica rapa L. Brassicaceac ~ Eudicot (rosid)  Wang et al. (2011) NCBI (v1.5)

Vitis vinifera L. Vitaceae Eudicot (rosid)  Jaillon et al. (2007) EnsemblPlants (12X)

Glycine max (L.) Merr. Fabaceae Eudicot (rosid) ~ Schmutz et al. (2010) Phytozome v13

Populus trichocarpa Torr. & Salicaceae Eudicot (rosid)  Tuskan et al. (2006) Phytozome v13

A.Gray ex Hook.

Solanum lycopersicum L. Solanaceae Eudicot (asterid) Tomato Genome Consortium (2012) EnsemblPlants SL3.0

Solanum tuberosum L. Solanaceae Eudicot (asterid) Potato Genome Sequencing NCBI (DM v4.03)
Consortium et al. (2011)

Colffea canephora Pierre ex Rubiaceae Eudicot (asterid) Denoeud et al. (2014) NCBI

A Froehner

Daucus carota L. Apiaceae Eudicot (asterid) lorizzo et al. (2016) EnsemblPlants

Helianthus annuus L. Asteraceae Eudicot (asterid) Badouin et al. (2017) NCBI

Ananas comosus (L.) Merr. Bromeliaceae Monocot Ming et al. (2015) Phytozome

Oryza sativa L. Poaceae Monocot IRGSP and Sasaki (2005) EnsemblPlants (IRGSP-1.0)

Zea mays L. Poaceae Monocot Schnable et al. (2009) EnsemblPlants (B73

RefGen v4)

Musa acuminata Colla Musaceae Monocot D’Hont et al. (2012) NCBI

Liriodendron chinense (Hemsl.) Magnoliaceaec Magnoliid Chen et al. (2019) NCBI

Sarg.

Cinnamomum kanehirae Hayata Lauraceae Magnoliid Chaw et al. (2019) NCBI

Nelumbo nucifera Gaertn. Nelumbonaceae Basal eudicot Ming et al. (2013) NCBI

Amborella trichopoda Baill. Amborellaceae Basal angiosperm Amborella Genome Project et al. EnsemblPlants
(2013)

Table 2. Calibration points used for divergence time estimation

Calibrated node Cahtl;l;twn dis tE ;li(:ll;ion Me(?\%? Afgset SD/95% range Calibration basis

Monocot-Eudicot crown Secondary Lognormal Offset =125 95% = 135-165 Magallon et al. (2015); Li et

al. (2019)

Magnoliid crown (Liriodendron- Secondary Normal 120 SD=38 Magallén et al. (2015)

Cinnamomum)

Core eudicot-Basal eudicot Secondary Normal 125 SD=10 Lietal. (2019)

(Papaver-Nelumbo)

Poales divergence (Ananas-Oryza) Secondary Normal 105 SD=10 Magallén et al. (2015); Li et

al. (2019)
RESULTS AND DISCUSSION organization and long-range synteny relationships cannot

Genome assembly and completeness assessment
A total of 403,300,566 paired-end reads generated from

the Illumina NovaSeq platform (150 bp paired-end mode)
were assembled de novo using SPAdes. The resulting draft
genome assembly of P. divaricatum HUIB PD36 spans
743,289,584 Dbp, closely matching the genome size
estimated from k-mer analysis (Table 3). The assembly
comprised 255,014 scaffolds, with a total scaffold length of
743,078,602 bp, a scaffold N50 of 6,049 bp, and a maximum
scaffold length of 84,107 bp. Although sequencing depth
was high, the relatively low N50 indicates that the assembly
remains fragmented. Consequently, chromosomal-level

be fully resolved with the current short-read data.

The assembly spans 99.97% of the genome size
estimated based on the closely related species Piper nigrum
(Hu et al. 2019), indicating near-complete recovery at the
sequence level. This estimate should be interpreted
cautiously, as it relies on cross-species inference of genome
size. Genome completeness was further assessed using
BUSCO (embryophyta odb10, genome mode), which
identified 79.3% complete BUSCOs, including 78.8%
single-copy and 0.5% duplicated genes, along with 18.1%
fragmented and 2.6% missing BUSCOs. The combined
proportion of complete and fragmented BUSCOs (97.4%)
suggests that the majority of conserved gene content is
represented in the assembly.
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Table 3. Key indicators of the Piper divaricatum draft genome

Assembly feature Statistic
Estimated genome size (by k-mer analysis) (bp) 743,289,584
Reads 403,300,566
Number of scaffold 255,014
Scaffolds (>=0 bp) 255,014
Scaffolds (>= 1000 bp) 153,220
Scaffold N50 (bp) 6,049
Longest scaffold (bp) 84,107
Total length of scaffolds (bp) 743,078,602
Assembled genome size (Mb) 743
Genome similarity (%) (Hu et al. 2019) 99.97
BUSCO completeness (%) 79.30
Repeat region of assembly (%) 78.46
GC (%) 39.37
Number of predicted genes 117,252
Mean gene length (bp) 830
Mean exon length (bp) 247

However, the relatively high proportion of fragmented
BUSCOs is consistent with the low assembly contiguity
(N50 = 6 kb). In genome mode, BUSCO detects conserved
orthologs based on local sequence similarity and can
recover partial matches even when genes are split across
multiple contigs. As a result, fragmented assemblies may
still yield high overall BUSCO recovery without
reconstructing full-length gene models. The low proportion
of duplicated BUSCOs (0.5%) indicates minimal redundancy,
suggesting that BUSCO recovery is primarily driven by
fragmented rather than duplicated gene representations.
Therefore, these results indicate high gene content
completeness but limited structural continuity of the assembly.

A total of 117,252 gene models were predicted,
substantially exceeding typical angiosperm gene numbers.
This likely reflects assembly fragmentation (N50 = 6 kb),
which can split single genes across multiple contigs and
inflate gene counts and overprediction by ab initio methods
in repeat-rich regions. Consistent with this, BUSCO
analysis showed a high proportion of fragmented genes
(18.1%) and a low duplication rate (0.5%), indicating that
the elevated gene count is driven primarily by incomplete
gene models rather than true gene family expansion.
Therefore, the reported gene count should be considered an
upper-bound estimate influenced by assembly and
annotation limitations. Gene structure statistics indicated a
mean gene length of 830 bp and a mean exon length of 247
bp. The short mean gene length likely reflects partial gene
models caused by scaffold fragmentation. Among the
predicted genes of P. divaricatum, 6,771 genes were
classified as functional based on conserved domain and/or
pathway annotation, including three putative Eugenol
Synthase (EGS) genes. Repeat analysis showed that 78.46%
of the genome consists of repetitive elements, which likely
contributed to assembly fragmentation.

Overall, this draft genome assembly provides a broad
representation of gene space and repeat content. However,
due to its fragmented nature, analyses requiring chromosomal
context or long-range structural inference should be
interpreted cautiously. The genome nevertheless constitutes
a foundational resource for subsequent functional and
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comparative studies of P. nigrum, including investigations
of gene family evolution, metabolic pathway reconstruction,
particularly those underlying alkaloid biosynthesis, such as
piperine (Hu et al. 2015).

A total of 2,026 predicted genes were assigned to
KEGG pathways, representing the subset of gene models
with KEGG Orthology (KO) annotations (Table 4). These
genes were distributed across major functional categories,
including metabolism, genetic information processing,
environmental information processing, and cellular processes.
Within the metabolism category, carbohydrate metabolism
(334 genes), amino acid metabolism (282 genes), lipid
metabolism (202 genes), and energy metabolism (199 genes)
were among the most represented subcategories. Genetic
information processing was also well represented, including
translation (316 genes) and replication and repair (203
genes). Signal transduction pathways accounted for 471
genes. Several genes were mapped to KEGG categories
labeled as “human diseases” or “organismal systems.”
These assignments reflect pathway homology within the
KEGG database and do not indicate the presence of
disease-specific physiological processes in plants. Instead,
they correspond to conserved molecular components shared
among eukaryotes. Thus, KEGG annotation of P.
divaricatum supports the presence of conserved metabolic
and regulatory networks typical of angiosperm genomes,
while functional and ecological interpretations require
additional experimental validation.

The circular genome visualization (Figure 1) provided
an overview of the major genomic features of P.
divaricatum, highlighting Simple Sequence Repeats (SSRs),
other repetitive elements, gene density, annotated genes,
eugenol synthase loci, and GC content. The most notable
characteristic of the P. divaricatum genome was its repeat-
rich architecture. In fact, repeat sequences accounted for
78.46% of the assembly (Table 3), with SSRs being widely
dispersed across scaffolds. Areas with a high density of
SSRs often coincided with segments rich in repeats and are
associated with relatively lower gene density. This
observation aligns with the overall fragmented and repeat-
dominated nature of the current scaffold-level assembly.
Rather than providing insights into functional relationships,
Figure 1 mainly depicts the spatial organization of repetitive
elements and gene models within the draft assembly.

Codon usage and SSRs

Codon usage analysis was performed using predicted
coding sequences longer than 300 base pairs (bp). The
Effective Number of Codons (ENC) was calculated to be
48.2, indicating a relatively weak codon bias. The overall
genomic GC content is 39.37% (as shown in Table 3),
suggesting that the genome is moderately AT-rich. The
relatively high ENC value, combined with moderate GC
content, suggests that the codon usage patterns in P.
divaricatum are primarily driven by mutational bias
associated with base composition rather than strong
translational selection. No significant skew in Relative
Synonymous Codon Usage (RSCU) was observed (Figure
2), further supporting the idea of limited codon preference
across the genome.
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Table 4. Distribution of KEGG-annotated genes in the Piper
divaricatum draft genome

Groups of genes Total number

Global and overview maps 2,026
Carbohydrate metabolism 334
Energy metabolism 199
Lipid metabolism 202
Nucleotide metabolism 86
Amino acid metabolism 282
Metabolism of other amino acids 65
Glycan biosynthesis and metabolism 126
Metabolism of cofactors and vitamins 186
Metabolism of terpenoids and polyketides 88
Biosynthesis of other secondary metabolites 91
Xenobiotics biodegradation and metabolism 52
Transcription 160
Translation 316
Folding, sorting and degradation 273
Replication and repair 203
Chromosome 48
Information processing in viruses 28
Membrane transport 31
Signal transduction 471
Signaling molecules and interaction 2
Transport and catabolism 354
Cell growth and death 288
Cellular community - eukaryotes 52
Cellular community - prokaryotes 33
Cell motility 52
Immune system 144
Endocrine system 175
Circulatory system 26
Digestive system 53
Excretory system 27
Nervous system 117
Sensory system 13
Development and regeneration 30
Aging 46
Environmental adaptation 145
Cancer: overview 222
Cancer: specific types 133
Infectious disease: viral 314
Infectious disease: bacterial 204
Infectious disease: parasitic 27
Immune disease 25
Neurodegenerative disease 720
Substance dependence 28
Cardiovascular disease 102
Endocrine and metabolic disease 86
Drug resistance: antimicrobial 9
Drug resistance: antineoplastic 36

Note: KEGG categories follow database classification and reflect
pathway homology across eukaryotes rather than organism-specific
disease processes. Category names follow KEGG hierarchical
classification and reflect cross-kingdom pathway homology rather
than organism-specific phenotypes

Genome-wide screening identified a total of 262,455
Simple Sequence Repeat (SSR) loci in the P. divaricatum
HUIB PD36 genome (Figure 3). Given the assembled
genome size of approximately 743 Mb, this corresponds to
an average density of approximately 353 SSRs/Mb. SSRs
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were classified into six motif categories. Among these,
tetranucleotide repeats were the most abundant, with 63,535
loci, followed by trinucleotide (51,345), hexanucleotide
(46,916), pentanucleotide (43,988), dinucleotide (36,154),
and mononucleotide repeats (20,517). SSRs were identified
across the entire assembled genome without restricting
detection to gene regions; therefore, loci are present in both
repetitive and non-repetitive regions. Because the assembly
remains highly fragmented (255,014 scaffolds), SSR
distribution reflects scaffold-level organization rather than
chromosomal localization. Consequently, large-scale structural
clustering of SSRs cannot be inferred from the current
assembly.

Orthologous relationships and Ks-based duplication
patterns

To characterize gene duplication patterns and evolutionary
relationships, orthologous and paralogous gene groups
were identified between P. divaricatum and five
representative angiosperm species, such as P. somniferum,
L. chinense, C. canephora, H. annuus, and V. vinifera, using
BLASTP and OrthoMCL clustering (inflation parameter =
1.5). Following clustering, synonymous substitution rates
(Ks) were calculated for identified paralogous and
orthologous gene pairs. Only gene pairs with Ks <5 were
retained to reduce the impact of substitution saturation. Ks
values were grouped into 0.05 intervals to generate
frequency distributions.

The Ks distribution of paralogous gene pairs within P.
divaricatum exhibited a distinct peak centered at
approximately Ks = 0.5 (Figure 4). Gaussian mixture
modeling identified two principal components with mean
Ks values about 0.2 and about 0.4, respectively. The higher
Ks component likely represents an older large-scale
duplication event, whereas the lower component may reflect
more recent small-scale gene duplications. In contrast,
orthologous gene pairs between P. divaricatum and the five
comparison species showed broader Ks distributions with
generally higher mean values, consistent with interspecific
divergence rather than internal duplication events.

The observed Ks distribution is compatible with ancient
large-scale duplication; however, without chromosome-scale
assembly and collinearity analysis, the nature and timing of
such duplication events remain unresolved. Therefore, the
current data do not provide definitive evidence for whole-
genome duplication in P. divaricatum. Orthologs of P.
divaricatum compared to C. canephora, H. annuus, V.
vinifera and L. chinense showed a wider range of Ks
distributions. Some gene pairs exhibited more recent
divergence, indicated by lower Ks values, while others
demonstrate more ancient divergence, reflected by higher
Ks values. This suggested that these species diverged
during different evolutionary periods. P. divaricatum - P.
somniferum orthologs showed comparatively lower Ks
values relative to other species pairs, consistent with closer
evolutionary affinity under the model assumptions used. In
contrast, P. divaricatum - C. canephora, as well as P.
divaricatum - H. annuus orthologs, exhibited higher Ks
values, suggesting older evolutionary separation.
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Phylogenetic position and divergence time
Time-calibrated phylogenetic analysis based on
concatenated single-copy orthologs placed P. divaricatum
within the magnoliid clade (Figure 5). In the reconstructed
phylogenetic tree, P. divaricatum exhibited a sister
relationship with Cinnamomum kanehirae, consistent with
current understanding of magnoliid relationships. Throughout
the tree, nodal support values were high, and branch order
was congruent with established angiosperm phylogenies.
Divergence times are presented as median posterior
estimates, with 95% Highest Posterior Density (HPD)
intervals indicated at each node (Figure 5). The divergence
between P. divaricatum and C. kanehirae was estimated to
have occurred around 121.7 million years ago (Mya), as
shown by the median and 95% HPD in Figure 5. The split
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between magnoliids and the monocot-eudicot lineage was
estimated in the Late Paleozoic-Early Mesozoic range,
while deeper nodes corresponded to progressively older
divergences within seed plants and vascular plants.

The estimated age for the P. divaricatum - C. kanehirae
divergence overlaps with the normal prior applied to the
Liriodendron - Cinnamomum calibration (mean 118 Mya;
Table 2), indicating that the posterior estimate is broadly
consistent with the imposed calibration framework. Similarly,
divergence estimates for monocot - eudicot separation
(Table 2) and magnoliid diversification fall within ranges
reported in large-scale angiosperm timetrees, although
some median node ages in our analysis appear slightly
older than commonly cited crown-angiosperm estimates.

g
z
2

Figure 1. Genome visualization of Piper divaricatum. Outermost ring: Simple Sequence Repeats (Purple) represents the distribution of
Simple Sequence Repeats (SSRs), which are short repetitive DNA motifs. Second ring: Other Repeat Sequences (Yellow) distributes
remaining repeat sequences, including Transposable Elements (TEs), segmental duplications and repetitive DNA regions. Third ring:
Distribution of all genes (Orange) shows the total distribution of genes within the genome. Fourth ring: Predicted genes (Light blue) that
have been computationally predicted but may not have known functions. Fifth ring: Functional genes displays genes with known
functional annotations that are essential for cellular functions, metabolic pathways, and overall biological activity. Sixth ring: Eugenol
synthase genes (Red) represents Eugenol synthase genes, which encode enzymes responsible for eugenol biosynthesis. Innermost Ring:
GC content (Black) represents GC content of 500-bp sequences across the genome
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ol

Gly Phe Lleu lle Met Val Ser Pro Thr Tyr His GIn Asn Lys Asp Glu Cys Trp Arg Ala STOP
GGU UUU UUA AUU AUG GUU UCU CCU ACU UAU CAU CAA AAU AAA GAU GAA UGU UGG CGU GCU UAA

GGC UUC UUG AUC GUC UCC CCC ACC UAC CAC CAG AAC AAG GAC GAG UGC CGC GCC UAG
GGA CUU AUA GUA UCA CCA ACA CGA GCA UGA
GGG cuc GUG UCG CCG ACG CGG GCG

CUA AGU AGA

CcuG AGC AGG

Figure 2. Codon usage of the coding sequence region of Piper divaricatum draft genome

Hexanucleotide
Pentanucleotide
Tetranucleotide 63535

Trinucleotide
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Mononucleotide 20517
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Number of SSRs

Figure 3. Distribution of Simple Sequence Repeats (SSRs) in Piper divaricatum draft genome is classified by the length of repeat units,
including mononucleotides, dinucleotides, trinucleotides, tetranucleotides, pentanucleotides and hexanucleotides

P. divaricatum — P. somniferum orthologs S
P.divaricatum — C. canephora orthologs /

P.divaricatum — H. annuus orthologs

P. divaricatum — V. vinifera orthologs

P. divaricatum — L. chinense orthologs

P. divaricatum paralogs

P.somniferum paralogs

C.canephora paralogs

H.annuus paralogs

0 1 2 3 4 5 6 7 8 9 10
Synonymous substitution rate (Ks)

Figure 4. Distribution of synonymous substitution rates (Ks) among paralogous gene pairs within Piper divaricatum and orthologous
gene pairs between Piper divaricatum and five representative angiosperm species (Papaver somniferum, Liriodendron chinense, Coffea
canephora, Helianthus annuus, and Vitis vinifera). Ks values were calculated using the Yang-Nielsen model and filtered to retain gene
pairs with Ks<5. The x-axis represents Ks values, and the y-axis represents density. Paralogous distributions are shown for Piper
divaricatum and selected comparison species
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Orthogroups and Eugenol-related orthologs

Comparative orthogroup analysis was conducted among
six representative angiosperm genomes: P. divaricatum, A.
thaliana, A. trichopoda, C. kanehirae, L. chinense, and Persea
americana (Figure 6). A total of 4,254 gene families were
shared among all six species, representing a conserved core
gene set likely associated with essential plant biological
functions.

In this context, “species-specific gene families” refer to
orthogroups that contain predicted genes from only one
species within the set of six genomes analyzed, and no
detectable orthologs in the other five genomes under the
clustering criteria used (OrthoMCL, inflation parameter =
1.5). Under this definition, P. divaricatum contained 9,662
species-specific gene families within this six-species
comparison. It is important to emphasize that these families
are specific relative to the sampled dataset, not necessarily
unique to P. divaricatum across all angiosperms. Species
specificity may appear to be influenced by incomplete
lineage sampling, variations in genome assembly quality,
fragmented gene models in repeat-rich regions, and the
strictness of clustering parameters.

Overlapping gene families were observed among all
species. Notably, substantial overlap was detected among
P. divaricatum, L. chinense, and P. americana, consistent
with their phylogenetic placement within the magnoliid
lineage. Overlap between 4. trichopoda and C. kanehirae
was also observed, reflecting shared ancestral gene content
among early-diverging angiosperms.

Orthogroup analysis across 20 plant species identified
16 genes in P. divaricatum belonging to orthogroups that
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include  experimentally characterized eugenol or
phenylpropene-related enzymes (Figure 7). These genes are
here referred to as “eugenol-related orthologs”, reflecting
shared orthogroup membership with phenylpropanoid
pathway enzymes. They do not necessarily encode bona
fide Eugenol Synthase (EGS) enzymes. Among these, three
specific gene models were identified as putative EGSI
candidates based on BLAST similarity to validated EGS
proteins and conserved Short-chain Dehydrogenase/
Reductase (SDR) domains.

The three candidate loci, EGS1 1, EGSI1 2, and
EGS1 3 (Table 5), have predicted Coding Sequence (CDS)
lengths of 204 bp, 156 bp, and 204 bp, corresponding to
protein lengths of 68 amino acids, 52 amino acids, and 68
amino acids, respectively. Typically, EGS1 proteins are
approximately 310-330 amino acids long. They include the
full SDR catalytic core, featuring conserved motifs such as
the TGWXXGIG cofactor-binding region and the catalytic
Tyr-Lys pair. However, the notably shorter CDS lengths
observed in this study suggest that the three P. divaricatum
candidates represent partial or truncated EGS1 fragments
rather than full-length EGS1 genes. While conserved SDR-
related domains were identified, the predicted sequences do
not encompass the entire canonical SDR catalytic structure.
The truncated nature of these sequences may be attributed
to several factors: assembly fragmentation in regions rich
in repeats, incomplete gene model predictions, and genuine
pseudogenization or partial duplication. Currently, the
evidence indicates the presence of three partial EGS1-like
fragments, but it does not support the existence of intact,
full-length EGS1 coding sequences in the current assembly.
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Figure S. Time-calibrated phylogenetic tree showing the evolutionary position of Piper divaricatum among representative angiosperms.
The evolutionary relationships are shown along with the estimated divergence time intervals (95% HPD, highest posterior density),

represented by the gray box at each node



TRUONG et al. — Draft genome highlights eugenol biosynthesis in Piper divaricatum

Discussion

This study presents the first draft nuclear genome
assembly of P. divaricatum and expands genomic resources
for Piperales within magnoliids. Although BUSCO analysis
indicated that most conserved embryophyte gene space is
represented, the scaffold-level nature of the assembly (N50
= 6,049 bp) likely affected gene model continuity. The
predicted gene number (117,252) was substantially higher
than that reported for related angiosperms, including P.
nigrum (63,466 genes) (Hu et al. 2019) and 4. thaliana
(~27,000 protein-coding genes) (Cheng et al. 2017). The
unusually high gene count and short average gene length
further support the likelihood that many predicted models
represent partial or fragmented genes. This elevated count
is likely inflated by assembly fragmentation, which can
split single genes into multiple partial models, and by
residual Transposable Element (TE)-derived open reading
frames that escape filtering.

A substantial proportion of the genome (78.46%) consists
of repetitive elements. High repeat content is a common
feature of plant nuclear genomes and is widely recognized
as a major driver of genome size variation and structural
complexity in angiosperms (Michael and VanBuren 2015;
Wendel et al. 2016). The repeat-rich architecture of the P.
divaricatum genome likely contributed to assembly
fragmentation under short-read sequencing. Despite scaffold-
level contiguity, BUSCO analysis indicates that most
conserved embryophyte gene space is represented,
suggesting that gene completeness is largely preserved
(Simédo et al. 2015; Manni et al. 2021).

Future work should prioritize re-annotation using long-
read-supported chromosome-scale assemblies and more
stringent filtering of TE-associated sequences. Integration
of full-length transcriptome data (Iso-Seq or RNA-seq)
would substantially improve exon-intron boundary
definition and reduce artificial gene inflation. Such
improvements will refine estimates of gene numbers and
enhance confidence in downstream comparative analyses.

KEGG annotation identified a broad representation of
conserved metabolic and signaling pathways typical of
angiosperm genomes. While genes were assigned to
categories related to environmental response and defense,
KEGG classification alone does not demonstrate functional
activity or enhanced ecological adaptation. Because genome
assembly quality, gene prediction pipelines, and total gene
numbers vary among species, direct numerical comparisons
should be interpreted cautiously. Therefore, the KEGG results
primarily indicate the presence of canonical pathways
rather than providing evidence of specific adaptive traits.
Functional validation and gene expression studies will be
required to establish mechanistic links between these pathways
and experimentally observed resistance in P. divaricatum.

Table S. Partial EGS1-like fragments identified in Piper divaricatum

11/15

Direct numerical comparisons of KEGG category counts
among species should be interpreted cautiously due to
differences in genome assembly quality, gene prediction
pipelines, and total predicted gene numbers. Additionally, a
total of 145 genes related to environmental adaptation were
identified. These findings aligned with the research of
Truong et al. (2023), which indicates that P. divaricatum
HUIB_PD36 was resistant to P. capsici and M. incognita,
and showed tolerance to waterlogged conditions (Truong et
al. 2023). KEGG categories labeled as “human diseases”
arise from pathway homology within the KEGG database
framework and reflect conserved eukaryotic signaling and
regulatory components rather than literal disease processes
in plants (Kanehisa et al. 2021).

The paralogous Ks distribution exhibited a peak around
Ks = 0.5, a pattern that is broadly consistent with ancient
large-scale duplication events reported in many angiosperm
genomes (Blanc and Wolfe 2004; Vanneste et al. 2014).
However, Ks-based analyses alone cannot unambiguously
distinguish Whole-Genome Duplication (WGD) from segmental
duplication or overlapping rounds of ancient duplications,
particularly when substitution rates vary among lineages
(Tiley et al. 2018). In addition, post-duplication gene loss and
fractionation may blur or shift Ks peaks over evolutionary
time, complicating direct interpretation (Wendel et al. 2016).

Arabidopsis thaliana

Amborella trichopoda

Persea americana

Figure 6. A comparative analysis of gene families in Piper
divaricatum with Arabidopsis thaliana, Amborella trichopoda,
Cinnamomum kanehirae, Liriodendron chinense and Persea
americana using a Venn-like star plot

ID Contig Start position End position Gene length (bp) Gene name Product name

FUN_ 094075 97,895 1,540 1,743 204 EGS1 1 Eugenol synthase 1
FUN_105664 148,907 86 241 156 EGS1 2 Eugenol synthase 1
FUN 116750 247,379 29 232 204 EGSI 3 Eugenol synthase 1
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Figure 7. Distribution of genes orthologous to eugenol-related genes across 20 different plant species

Large-scale analyses of angiosperm genomes have
shown that most seed plant lineages experienced ancient
polyploidization events (Jiao et al. 2011). Ks peaks in
similar ranges have been interpreted as signatures of
ancient Whole-Genome Duplication (WGD) events in
flowering plants (Soltis et al. 2009). The observed Ks
distribution is compatible with ancient large-scale
duplication, but without syntenic block analysis, the nature
and timing of such events remain unresolved. Given the
absence of chromosome-scale assembly and collinearity-
based syntenic analyses, the current data do not provide
definitive evidence for WGD in P. divaricatum. Robust
confirmation of ancient polyploidy will require high-
contiguity assemblies that enable detection of conserved
duplicated chromosomal blocks and comparative synteny
with related magnoliid genomes (Van de Peer et al. 2017).
Accordingly, the observed Ks peak should be interpreted as
suggestive of ancient duplication rather than conclusive
evidence of whole-genome duplication.

Phylogenomic reconstruction robustly places P.
divaricatum within Piperales and supports a sister
relationship with C. kanehirae, consistent with current
magnoliid phylogenetic frameworks (Magallon et al. 2015;
Li et al. 2019). The overall topology recovered here agrees
with large-scale angiosperm phylogenomic analyses,
supporting the stability of magnoliid relationships inferred
from multi-gene datasets. The estimated divergence time
between P. divaricatum and C. kanehirae (~121.7 Mya,
median) falls within the Early Cretaceous interval

associated with early magnoliid diversification (Magallon
et al. 2015). Deeper nodes separating magnoliids from
monocot-eudicot lineages are broadly comparable to
previously reported angiosperm timetrees (Li et al. 2019).
However, some median ages in our analysis appear slightly
older than published estimates. Differences in inferred
divergence times may reflect variation in taxon sampling
density, gene selection strategy (e.g., concatenated single-
copy orthologs), placement of fossil calibrations, and prior
specification. Molecular dating is known to be sensitive to
calibration choice and justification (Parham et al. 2012) as
well as to lineage-specific rate heterogeneity (Drummond
et al. 2006; Ho and Phillips 2009). In particular, strict
molecular clock models assume constant substitution rates
across lineages and may influence node-age estimates when
rate variation is present. In contrast, relaxed-clock frameworks
explicitly accommodate rate heterogeneity (Drummond et
al. 2006). Given these methodological considerations,
divergence-time estimates should be interpreted within the
context of their 95% Highest Posterior Density (HPD)
intervals. Overlapping HPDs among alternative estimates
suggest that modest differences in median node ages are
unlikely to represent biologically meaningful discrepancies.
Accordingly, our results are informative for clarifying
relative phylogenetic relationships and broad temporal
patterns of magnoliid diversification rather than precise
absolute divergence dates.

Orthogroup analysis identified 4,254 conserved gene
families shared among six representative angiosperms.
Broad conservation of orthologous gene families across
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flowering plants has been documented in comparative
genomic analyses (De Bodt et al. 2005; Emms and Kelly
2019). In contrast, P. divaricatum contained 9,662 species-
specific gene families. Although enrichment tests did not
detect statistically significant overrepresentation after
correction, some lineage-specific families were annotated as
Short-chain Dehydrogenase/Reductases (SDRs), a protein
superfamily widely involved in plant secondary metabolism
(Kallberg et al. 2002). Whether these unique families
contribute to metabolic specialization in P. divaricatum
remains a hypothesis requiring functional validation.

Orthogroup analysis identified 16 genes in P. divaricatum
clustering with enzymes involved in phenylpropene
biosynthesis. These are referred to as ‘“eugenol-related
orthologs” based on shared orthogroup membership with
experimentally characterized phenylpropene synthases;
however, orthology alone does not establish substrate
specificity or catalytic activity, as diversification within plant
specialized metabolism frequently involves neofunctionalization
of related enzymes (Pichersky and Lewinsohn 2011). Among
these, three loci were identified as putative EGSI-like
candidates based on sequence similarity. Experimentally
characterized eugenol synthases from Clarkia breweri and
Petunia*xhybrida encode proteins of approximately 312-
327 amino acids and belong to the Short-chain
Dehydrogenase/Reductase (SDR) family (Louie et al. 2007;
Koeduka et al. 2008). Structural and biochemical analyses
demonstrated that these enzymes contain the conserved
SDR catalytic tetrad, including the Tyr-Lys catalytic pair
and a Rossmann-fold NAD(P)H-binding motif typical of
classical SDRs (Kallberg et al. 2002; Louie et al. 2007).

In contrast, the predicted P. divaricatum sequences are
substantially shorter and do not encompass the full-length
SDR catalytic domain architecture. Therefore, they are most
appropriately interpreted as partial or truncated EGS1-like
fragments rather than intact functional enzymes. Such
incomplete models may reflect scaffold fragmentation,
gene prediction artifacts, or potential pseudogenization in
the current assembly. Although eugenol production has
been reported in P. divaricatum essential oils (da Silva et
al. 2010), sequence homology alone does not demonstrate
enzymatic functionality. Confirmation of intact EGSI1
genes will require improved genome contiguity, full-length
transcript validation, and biochemical assays of catalytic
activity.

Although the draft genome captures most conserved
gene regions, it remains highly fragmented and rich in
repeats. This may disrupt gene model continuity, leading to
an inflated number of predicted genes. Therefore,
interpretations regarding gene family expansion, species-
specific orthogroups, and truncated EGS1-like fragments
should be considered tentative. Divergence time estimates
are also influenced by factors such as the choice of calibration,
taxon sampling, and assumptions of the molecular clock
model. These estimates should be evaluated in the context
of their 95% Highest Posterior Density (HPD) intervals.
Future efforts should aim to produce a chromosome-scale
assembly using long-read and Hi-C technologies.
Additionally, integrating transcriptomic data will help
refine gene models, and functional validation of candidate
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genes implicated in eugenol biosynthesis will further
enhance our understanding. Implementing these steps will
improve the resolution of genome structure and the
function of metabolic genes in P. divaricatum.

In conclusion, this study demonstrate that the resulting
assembly spans approximately 743 Mb, representing 99.97%
of the estimated genome size based on P. nigrum, but
exhibits low contiguity (N50 = 6 kb). Repetitive elements
account for 78.46% of the genome, contributing substantially
to fragmentation. BUSCO analysis recovered 79.3% of
complete genes and 18.1% of fragmented genes, indicating
that a large proportion of conserved gene content is
captured despite assembly limitations. A total of 117,252
gene models were predicted, though this number is likely
inflated due to fragmentation and repeat-induced gene
splitting. Functional annotation assigned 2,026 genes to
KEGG pathways, reflecting conserved metabolic and
regulatory networks. Ks distribution analysis of paralogous
gene pairs revealed a peak around 0.5, suggesting ancient
large-scale duplication events, although confirmation of
whole-genome duplication requires chromosome-level
assemblies and synteny analysis. Phylogenomic reconstruction
based on single-copy orthologs places P. divaricatum
within Piperales and supports a sister relationship with C.
kanehirae, with divergence estimated at ~121.7 Mya.
Additionally, candidate genes associated with the
phenylpropanoid pathway, including partial EGS1-like
fragments, were identified, providing preliminary insights
that warrant further transcriptomic and biochemical validation.
Overall, this draft genome provides a foundational resource
for future functional and comparative genomic studies in
the genus Piper.
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