
Citation: Pootakham, W.; Yoocha, T.;

Jomchai, N.; Kongkachana, W.;

Naktang, C.; Sonthirod, C.;

Chowpongpang, S.; Aumpuchin, P.;

Tangphatsornruang, S. A

Chromosome-Scale Genome

Assembly of Mitragyna speciosa

(Kratom) and the Assessment of Its

Genetic Diversity in Thailand. Biology

2022, 11, 1492. https://doi.org/

10.3390/biology11101492

Academic Editor: Valeria Terzi

Received: 7 September 2022

Accepted: 10 October 2022

Published: 12 October 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

biology

Article

A Chromosome-Scale Genome Assembly of Mitragyna speciosa
(Kratom) and the Assessment of Its Genetic Diversity
in Thailand
Wirulda Pootakham 1 , Thippawan Yoocha 1, Nukoon Jomchai 1, Wasitthee Kongkachana 1, Chaiwat Naktang 1,
Chutima Sonthirod 1, Srimek Chowpongpang 2, Panyavut Aumpuchin 2 and Sithichoke Tangphatsornruang 1,*

1 National Omics Center, National Science and Technology Development Agency (NSTDA),
Pathum Thani 12120, Thailand

2 National Biobank of Thailand, National Science and Technology Development Agency (NSTDA),
Pathum Thani 12120, Thailand

* Correspondence: sithichoke.tan@nstda.or.th

Simple Summary: Mitragyna speciosa (Kratom) is a narcotic plant indigenous to Southeast Asian
countries, including Thailand. Traditionally, M. speciosa has been used as medicine to treat diarrhea
and has anti-coughing, analgesic, and fever-reducing properties. Its leaves are commonly chewed by
workers during physical labor for their coca-like stimulant effect to increase stamina and endurance.
To identify important bioactive alkaloids with potential pharmaceutical uses, we performed a whole
genome sequencing of Kratom to obtain information relating to the gene content in its genome, which
will facilitate an improved understanding of the biosynthesis pathway and provide resources for
assessing the genetic diversity in M. speciosa.

Abstract: Mitragyna speciosa (Kratom) is a tropical narcotic plant native to Southeast Asia with unique
pharmacological properties. Here, we report the first chromosome-scale assembly of the M. speciosa
genome. We employed PacBio sequencing to obtain a preliminary assembly, which was subsequently
scaffolded using the chromatin contact mapping technique (Hi-C) into 22 pseudomolecules. The
final assembly was 692 Mb with a scaffold N50 of 26 Mb. We annotated a total of 39,708 protein-
coding genes, and our gene predictions recovered 98.4% of the highly conserved orthologs based
on the BUSCO analysis. The phylogenetic analysis revealed that M. speciosa diverged from the
last common ancestors of Coffea arabica and Coffea canephora approximately 47.6 million years ago.
Our analysis of the sequence divergence at fourfold-degenerate sites from orthologous gene pairs
provided evidence supporting a genome-wide duplication in M. speciosa, agreeing with the report
that members of the genus Mitragyna are tetraploid. The STRUCTURE and principal component
analyses demonstrated that the 85 M. speciosa accessions included in this study were an admixture of
two subpopulations. The availability of our high-quality chromosome-level genome assembly and
the transcriptomic resources will be useful for future studies on the alkaloid biosynthesis pathway, as
well as comparative phylogenetic studies in Mitragyna and related species.

Keywords: Mitragyna; chromosome-scale genome assembly; PacBio; Hi-C; Iso-seq; genetic diversity

1. Introduction

Mitragyna speciosa (also known as Kratom in Thailand) is a tropical evergreen indige-
nous to Southeast Asia and is commonly grown in Thailand, Malaysia, Vietnam, and Papua
New Guinea islands [1,2]. Mitragyna is a small genus belonging to the family Rubiaceae.
Four species of Mitragyna (Mitragyna diversifolia, Mitragyna hirsuta, Mitragyna rotundifolia,
and M. speciosa) are widely distributed in Thailand, especially from the central to southern
parts of the country. Among these four, M. speciosa is the only species that is considered as
a narcotic plant with specific medicinal importance [1]. Traditionally, M. speciosa has been
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used as medicine to treat diarrhea and has anti-coughing, analgesic, and fever-reducing
properties. Its leaves are commonly chewed by workers during physical labor for their
coca-like stimulant effect to increase stamina and endurance. In addition, M. speciosa
has a medical use for treating chronic pain, and it is effective in relieving opioid-related
withdrawal symptoms for heroin or morphine addicts [3,4].

Kiehn (1995) reported that Mitragyna species are tetraploid with a chromosome num-
ber of 2n = 4x = 44 [5]. Chromosome staining with DAPI was also carried out to confirm
the chromosome number of 44 in the mitotic metaphase [6]. However, the identity of
progenitor species that underwent hybridization to give rise to M. speciosa is currently
unknown. The majority of published scientific literature on M. speciosa focuses mainly on its
chemical composition with mitragynine, the principal compound responsible for analgesic
activity, being the most studied alkaloid from this psychoactive medicinal plant [7–10]. Al-
though mitragynine possesses potent opioid agonist properties, mediating µ- and κ-opioid
receptors, its chemical structure is different from those of morphine and other narcotic
painkillers [11]. In addition to mitragynine, 54 known alkaloids have successfully been iso-
lated and identified in this species. Due to interest in a diverse range of bioactive alkaloids
produced by M. speciosa, the draft genome sequence has recently been assembled using the
linked-read 10× Genomics technology [6]. The reported assembly encompasses 1.12 Gb
and contains 17,031 scaffolds with an N50 scaffold size of 1.02 Mb. To improve the quality
and the contiguity of the genome assembly, we employed the Pacific Biosciences (PacBio)
long-read single molecule real-time sequencing to generate the preliminary assembly of M.
speciosa, which was subsequently scaffolded using the chromatin contact mapping (Hi-C)
technology to achieve a final assembly that contains 22 pseudomolecules, corresponding
to the diploid chromosome number in M. speciosa. Our high-quality, chromosome-level
assembly of the M. speciosa genome provides a valuable resource for identifying bioactive
alkaloids with potential pharmaceutical uses and for studying Kratom genetic diversity,
population structure, and comparative genomics with related species.

2. Materials and Methods
2.1. Genome Size Estimation

To estimate the nuclear DNA content using flow cytometry, fresh leaf tissues were cut
into small pieces with a sharp razor blade and analyzed using the protocol in [12]. We used
the Galbraith’s buffer reported in [13] as a nuclear isolation buffer. Nuclei were stained with
50 ug/mL of propidium iodide (Thermo Fisher Scientific, Waltham, MA, USA). Tomato
(Solanum lycopersicum) was used as the internal DNA reference standard.

2.2. Plant Materials and DNA/RNA Isolation

For high-molecular-weight DNA extraction (whole genome sequencing), healthy leaf
tissues were collected from a mature M. speciosa tree (Figure 1; Sample name ‘RV’ in
Supplementary Table S1), immediately frozen, and stored in liquid nitrogen until use.
DNA was isolated following the protocol in [14]. Briefly, the frozen tissue was ground
in liquid nitrogen and CTAB buffer was added. DNA was extracted from the aqueous
phase using 25:24:1 phenol:chloroform:isoamyl alcohol and precipitated in 100% ethanol.
DNA pellets were washed twice with 70% ethanol, air-dried, and resuspended in 10 mM
Tris-HCl pH 8.0. After purification with the Ampure PB beads (Pacific Biosciences, Menlo
Park, CA, USA), DNA integrity was evaluated using Pippin Pulse Electrophoresis System
(Sage Science, Beverly, MA, USA). For the genetic diversity study, we collected leaf tissues
from a total of 85 M. speciosa accessions from 15 provinces in Thailand (Supplementary
Figure S1 and Table S1). DNA was isolated using the Qiagen DNeasy Plant Mini Kit
following the manufacturer’s protocol (Qiagen, Hilden, Germany). For transcriptome
sequencing, leaf, stem, and flower tissues were collected from the same individual used
for whole genome sequencing. Total RNA was extracted using the CTAB buffer and
25:24:1 phenol:chloroform:isoamyl alcohol and precipitated overnight in 1/4 vol 8M LiCl.
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RNA pellets were washed twice with 70% ethanol, air-dried, and resuspended in RNase-
free water.
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2.3. Genome and Isoform Sequencing (Iso-seq) Library Preparation

For whole genome sequencing, a SMRTbell library with an insert size of 12,000 nt was
prepared from the high molecular weight DNA template using SMRTbell Express Template
Prep Kit 2.0 and sequenced on the PacBio Sequel system (Pacific Biosciences, Menlo Park,
CA, USA). Sequencing was performed with the Sequel Binding Kit 2.0 using a 20-h movie
collection time following the manufacturer’s protocol (Pacific Biosciences, Menlo Park, CA,
USA). For transcriptome sequencing, Iso-seq libraries were prepared using the NEBNext
Single Cell/Low Input cDNA Synthesis and Amplification Module (New England Biolabs,
Ipswich, MA, USA), Iso-Seq Express Oligo Kit, and SMRTbell Express Template Prep Kit
2.0 (Pacific Biosciences, Menlo Park, CA, USA). Iso-seq was performed as described above.

2.4. Hi-C Library Preparation and Sequencing

A chromosome conformation capturing technique (Hi-C) was conducted by Biomarker
Technologies (Beijing, China) to scaffold the preliminary assembly into a chromosome-level
assembly. For Hi-C library preparation, the M. speciosa sample was fixed with formaldehyde,
and fixed DNA was digested with HindIII restriction endonuclease. The overhanging ends
were filled with biotinylated nucleotides, and DNA fragments were circularized by blunt-
end ligation. After the cross-linking was reversed, DNA was purified and sheared into
fragments of 300–700 bp. Biotinylated fragments were captured with streptavidin beads.
Purified fragments were used to construct a sequencing library, which was subsequently
sequenced on the Illumina platform (PE150; Illumina, San Diego, CA, USA) to produce
398,879,554 read pairs.

2.5. PacBio Draft Assembly and Hi-C Scaffolding

A total of 4,049,699 PacBio raw reads totaling 36.8 Gb were subjected to read correction,
trimming, overlap detection and de novo assembly by Canu v1.9 [15] using the following
parameters: genomeSize = 700 m, correctedErrorRate = 0.040. For other parameters, de-
fault settings were used. An estimated genome size of 700 Mb was assumed according
to our flow cytometry results (see the ‘Results’ section below). The polishing was carried
out using the GenomicConcensus package in the SMRT Link v6.0 (https://github.com/
PacificBiosciences/GenomicConsensus, accessed on 6 September 2022). The PacBio draft as-
sembly (used as an input for the Hi-C scaffolding) was cut into 50-kb fragments and reassem-
bled based on Hi-C data. Contigs in the preliminary assembly that could not be recovered in
the corrected assembly were regarded as potentially misassembled regions (in those regions,
positions with low Hi-C coverage were defined as error sites). The corrected contigs were

https://github.com/PacificBiosciences/GenomicConsensus
https://github.com/PacificBiosciences/GenomicConsensus
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further scaffolded into a chromosome-level assembly by LACHESIS [16] with the following
parameter setting: CLUSTER_MIN_RE_SITES = 21; CLUSTER_MAX_LINK_DENSITY = 2;
ORDER_MIN_N_RES_IN_TRUNK = 15; ORDER_MIN_N_RES_IN_SHREDS = 15. After
this step, placement and orientation errors exhibiting obvious discrete chromatin inter-
action patterns were manually adjusted. After the manual adjustment, a total of 672 Mb
sequences were anchored onto 22 chromosomes.

2.6. Genome Assembly Evaluation

The quality of the final genome assembly was assessed by aligning short-read DNA
sequences (RADseq data) and transcriptome (Iso-seq) data from this study using BWA
version 0.7.17-r1188 for DNA sequence alignment and HISAT2 version 2.2.0 for RNA
alignment. We also tested for the presence and completeness of the orthologs using the
Benchmarking Universal Single-Copy Orthologues (BUSCO) version 4.0.5 [17] and the
Embryophyta OrthoDB release 10 [18].

To identify repetitive element families in the genome assembly, RepeatModeler version
2.0.3 (http://www.repeatmasker.org/RepeatModeler/, last accessed on 16 August 2022)
was used to construct a de novo repeat library. This pipeline employed two distinct
repeat discovery algorithms, RECON (version 1.08) and RepeatScout (version 1.0.6), to
identify the boundaries of repetitive elements and build consensus models of interspersed
repeats [19,20]. We aligned repeat sequences in the library to GenBank’s nr protein database
using BLASTX (e-value cutoff = 10−6) to ensure that they did not contain large families of
protein-coding sequences.

To identify protein-coding sequences in the unmasked assembly, we used Evidence-
Modeler (EVM) version 1.1.1 to combine evidences from RNA-based predictions, homology-
based predictions, and ab initio predictions [21]. For RNA-based prediction, we used
evidence from PacBio Iso-seq data obtained from leaf, stem, and flower tissues. Full-length
transcripts were mapped to the final assembly using the genomic mapping and align-
ment program (GMAP) version 2020-09-12 [22]. Protein sequences from Coffea arabica,
Coffea canephora, S. lycopersicum, M. speciosa, and Arabidopsis thaliana available on the public
databases were aligned to the unmasked genome using AAT [23]. Protein-coding gene
predictions were obtained with Augustus version 3.2.1 [24] trained with C. arabica, C.
canephora, S. lycopersicum, and M. speciosa PASA transcriptome alignment assembly using M.
speciosa alignment files as inputs. All gene predictions were integrated by EVM to generate
consensus gene models using the following weights for each evidence type: PASA2—1,
GMAP—0.5, AAT—0.3 and Augustus—0.3. Any predicted genes that had more than 20%
overlapping sequence with repetitive sequences or had no RNA-seq support were excluded
from the list of annotated genes.

2.7. Phylogenetic Analyses and Comparative Genomics

OrthoFinder version 2.4.0 [25] was used to identify orthologous groups in M. speciosa,
Amborella trichopoda, A. thaliana, C. arabica, C. canephora, Erythranthe guttata, Populus tri-
chocarpa, Prunus persica, Ricinus communis, S. lycopersicum, Theobroma cacao, and Vitis
vinifera. We constructed a phylogenetic tree based on protein sequences from single-
copy orthologous groups using RAxML-NG program version 1.0.2 [26]. We first aligned
protein sequences in each single-copy orthologous group with MUSCLE [27] and re-
moved alignment gaps with trimAI version 1.4 rev15 [28] using the automated1 heuristic
method. We subsequently concatenated alignment blocks using catsequences program
(https://github.com/ChrisCreevey/catsequences, last accessed on 22 August 2022), and
the substitution model for each block was estimated using the ModelTest-NG program
version 0.1.7 [29]. The outputs were used to compute a maximum-likelihood phyloge-
netic tree. Divergence times were estimated using the MCMCtree software version 4.0
(PAML 4 package) [30] using the relaxed-clock model with the known divergence time
between P. trichocarpa and R. communis, which was estimated at 105–120 million years ago
(MYA) [31,32].

http://www.repeatmasker.org/RepeatModeler/
https://github.com/ChrisCreevey/catsequences
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2.8. Genome Synteny Analysis

McscanX [33] was used to analyze the collinearity within the M. speciosa genome and
between M. speciosa–C. arabica and M. speciosa–C. robusta genomes. M. speciosa amino acid
sequences were aligned against themselves, C. arabica, or C. canephora using BLASTP (with
an e-value cutoff of 10−10) in order to identify putative paralogs. Intragenic homeologous
blocks were defined as regions of ten or more genes with colinear or nearly colinear runs of
paralogs elsewhere in the genome with fewer than six intervening genes. These intragenic
homeologous blocks were visualized using CIRCOS version 0.69.8 [34]. Similarly, we also
performed pairwise comparisons of input protein sequences from M. speciosa, C. canephora,
and C. arabica. Clustering was carried out using OrthoMCL software version 2.0.9 [35]
based on a Markov clustering algorithm (MCL). Syntenic blocks between M. speciosa, C.
canephora, and C. arabica were identified by MCscanX and plotted with CIRCOS using
the criteria mentioned above (at least ten colinear genes and fewer than six intervening
genes allowed).

2.9. Population Structure and Genetic Diversity Analyses

Short-read data (RAD-seq) from 85 M. speciosa accessions collected in Thailand were
used to analyze the population structure. We first mapped the sequencing reads to the
final genome assembly using BWA v0.7.17, and single nucleotide polymorphism (SNP)
markers were identified using GATK HaplotypeCaller 3.8 [36]. A set of 2492 SNP markers
at fourfold-degenerate sites with the following criteria were used for the analyses: (I)
depth coverage between 20× and 200×, (II) minor allele frequency > 0.05, and (III) less
than 10% missing data. A maximum-likelihood tree with 1000 bootstrap replicates was
constructed using the analysis of phylogenetic and evolution (APE) software version 5.5 in
the R package [37]. To evaluate the population structure, we employed the STRUCTURE
program version 2.3.4 [38] using the same set of SNP markers (for the phylogenetic tree) and
10,000 iterations with the number of clusters (K) of 2–4. The level of genetic diversity in the
population investigated was estimated by calculating the gene diversity (GD, or expected
heterozygosity), polymorphism information content (PIC), observed heterozygosity (HO),
and minor allele frequency (MAF) using the PowerMarker software version 3.25 [39].
Principal component analysis (PCA) was performed based on genetic distances (2492
SNP markers) among 85 M. speciosa accessions computed with TASSEL version 5.2.77 [40].
Principal components were generated using the covariance method, and eigenvalues were
generated to determine the proportion of variation explained by each principal component.
The first and second principal components were plotted using R software package ggplot2
version 3.3.4 [41].

3. Results
3.1. M. speciosa Genome Assembly and Annotation

To obtain a preliminary draft assembly of M. speciosa, whole-genome shotgun sequenc-
ing was carried out using PacBio long-read technology, and 36.8 Gb of sequencing data
(4,049,699 reads) were generated. Based on the estimated genome size of 727 Mb obtained
from the DNA flow cytometry (Supplementary Figure S2), these raw sequencing data
represented ~54× coverage of the genome size. A preliminary PacBio assembly yielded a
draft genome of 692 Mb in 4259 scaffolds with an N50 length of 0.9 Mb (Table 1). This draft
assembly was subsequently scaffolded using the long-range chromatin fixation technique
(Hi-C) into a chromosome-level assembly containing 22 pseudomolecules > 10 Mb in length
(from here on, they will be referred to as chromosomes; Figure 2, Supplementary Figure S3).
The genus Mitragyna has been reported as a tetraploid with a base chromosome number
of 11 (2n = 4x = 44) [5,6]. The 22 chromosomes corresponded to the diploid chromosome
number and covered 602 Mb, or 87.04% of the 692-Mb assembly.
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Table 1. Assembly statistics of M. speciosa genome.

PacBio PacBio + HiC

N50 scaffold size (bases) 922,929 26,436,849

L50 scaffold number 200 12

N75 scaffold size (bases) 339,531 23,267,248

L75 scaffold number 502 19

N90 scaffold size (bases) 41,110 56,307

L90 scaffold number 1456 159

Assembly size (bases) 692,306,703 692,445,403

Number of scaffolds 4259 2888

Number of scaffolds ≥ 100 kb 862 64

Number of scaffolds ≥ 1 Mb 173 24

Number of scaffolds ≥ 10 Mb 0 22

Longest scaffold (bases) 7,719,426 34,865,628

% N 0 0.02

GC content (%) 34.59 34.59

BUSCO evaluation (%
completeness) - 98.4

To evaluate the quality of our assembly, short-read genomic DNA data (from RAD-seq)
were aligned to the genome sequence, and 99.62% of the reads could be mapped to the M.
speciosa genome. In addition, Iso-seq reads were aligned to the assembly, and 99.72% of
the transcripts were mapped to the genome. An additional assessment of the gene space
completeness was carried out using the BUSCO software and a plant-specific database
of 1440 genes [17]. Predicted gene models in our M. speciosa assembly covered as much
as 98.4% of the highly conserved orthologs in the Embryophyta lineage (81.6% classified
as ‘complete and single-copy’, 15.4% as ‘complete and duplicated’, 1.4% as ‘fragmented’;
Table 1). Results from the alignment and BUSCO analysis suggested that our chromosome-
scale M. speciosa assembly is of high quality.

To annotate the genome assembly, three approaches were employed: ab initio predic-
tion, homology-based search, and transcript-based evidence. A total of 42,873 predicted
gene models and 39,708 protein-coding genes (92.6% of predicted gene models; Supplemen-
tary Table S2) were identified. We were able to assign gene ontology (GO) to 35,485 protein-
coding genes (82.7% of predicted gene models; Supplementary Figure S4). The most
prevalent GO terms associated with cellular components were the integral components
of membrane, nucleus, and cytoplasm, while the largest categories of genes associated
with molecular function and biological processes were ATP binding and protein phos-
phorylation, respectively. In addition, 70.3, 38.2 and 26.2% of the predicted gene models
could be functionally annotated using the Swissprot, EC, and KEGG databases, respec-
tively (Supplementary Table S3). The average GC content in the M. speciosa genome was
34.59% (Table 1), which was close to the average GC content in introns (33.8%; Supple-
mentary Table S2), whereas the average GC content in exons was much higher at 43.3%
(Supplementary Table S2).
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We identified a number of genes involved in the specialized metabolic pathways
that lead to the production of strictosidine, the intermediate in the monoterpene indole
alkaloid biosynthesis (Supplementary Figure S5). Several gene families contain multiple
homoeologs including those encoding key enzymes, such as loganic acid methyltransferase
(LAMT), secologanin synthase (SLS), and strictosidine synthase (STR). The presence of
duplicated genes is likely the consequence of the tetraploidization event. Interestingly,
some of the genes encoding enzymes in the methylerythriol phosphate (MEP) pathway are
present in single copies (Supplementary Figure S5), suggesting that duplicated genes may
have been lost or degraded into non-functional genes after the polyploidization [42].

3.2. Identification of Repetitive Elements in the M. speciosa Genome

The M. speciosa genome assembly contained a total of 354.61 Mb of repetitive elements,
representing 51.21% of the assembly (Table 2). A genome-wide distribution plot showed
that DNA transposons and retrotransposons were located in proximity to the centromeric
regions (Figure 2). Retrotransposons (122.38 Mb) represented the majority of the repetitive
elements identified, comprising 17.83% of the assembly and 34.51% of the total repeated
content. The most abundant retrotransposon types were the long terminal repeat (LTR)
Copia and Gypsy, occupying 6.36% and 8.48% of the genome assembly.
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Table 2. Repeat contents in M. speciosa genome.

Types of Repeats Bases (Mb) % of the Assembly % of Total Repeats

DNA transposons 9.98 1.44 3.92

Retrotransposons:
LINE 17.58 2.54 2.31
SINE 0.001 0.00 0.00
LTR: Copia 44.08 6.36 12.93
LTR: Gypsy 58.74 8.48 16.96
LTR: Others 1.98 0.28 0.56

Simple sequence
repeats 27.71 4.00 7.95

Others 194.54 28.11 55.37

Total 354.61 51.21

3.3. Comparative Genomics and Phylogenetic Analyses

To perform comparative genomics analyses, we clustered a total of 452,592 proteins
(out of 469,904 input proteins from 12 species) into 28,228 orthologous groups. We then
constructed a maximum-likelihood phylogenetic tree using the sequence information from
single-copy orthologous genes and calculated the divergence time based on the topology
and the branch length. M. speciosa diverged from the last common ancestors of C. arabica
and C. canephora approximately 47.6 MYA (Figure 3A), and the last common ancestor of M.
speciosa, C. arabica, and C. canephora diverged from S. lycopersicum ~106 MYA.Biology 2022, 11, x FOR PEER REVIEW 9 of 14 
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Figure 3. Comparative genomics of M. speciosa and related species. (A) A maximum-likelihood
tree of M. speciosa, two Coffea species, and nine other plant species constructed based on single-
copy orthologous protein sequences. Numbers at each node represent the estimated divergence
time in million years ago (MYA). Numbers in blue and red represent the numbers of gene families
that have expanded or contracted, respectively, relative to their ancestors. (B) The distribution of
fourfold synonymous third-codon transversion position (4DTv) distances between paralogous genes
in M. speciosa, C. arabica, C. canephora, and S. lycopersicum. (C) The distribution of 4DTv distances
between orthologous genes in M. speciosa and C. arabica, C. canephora and S. lycopersicum. Peaks of
intraspecific and interspecific 4DTv distributions indicate whole-genome duplication and speciation
events, respectively.
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We determined the accumulated sequence divergence at fourfold synonymous third-
codon transversion rate (4DTv) between the paralogous gene pairs in M. speciosa, C. Ara-
bica, C. canephora, and S. lycopersicum to estimate their relative ages (Figure 3B). After
correcting for multiple substitutions, we observed a sharp peak in 4DTv value at 0.012 syn-
onymous transversions per site in C. arabica. This corresponded to the period between
1.08 and 0.54 million years ago, during which the hybridization of two progenitor species
(C. canephora and Coffea eugenioides) led to the emergence of C. arabica [43]. Comparisons
between the 12,198 pairs of paralogous genes residing within 418 duplicated colinear
blocks within the M. speciosa genome revealed a noticeable peak at 0.139, suggesting that M.
speciosa has undergone a recent whole-genome duplication (Figure 3B). This was also evi-
denced by the presence of intragenomic syntenic blocks throughout the genome (Figure 2)
and the syntenic blocks between M. speciosa and the tetraploid C. arabica (Supplementary
Figure S6). Interestingly, this peak overlapped with the 4DTv distance of M. speciosa–C.
arabica and M. speciosa–C. canephora, suggesting that the genome-wide duplication event in
M. speciosa took place in the time frame during which M. speciosa diverged from the last
common ancestor of the two Coffea species (Figure 3C).

3.4. Genetic Diversity and Population Structure in M. speciosa

We collected and sequenced 85 M. speciosa accessions from different regions in Thailand
in order to evaluate their genetic diversity and population structure. A total of 2492 SNP loci
at fourfold-degenerate sites were used to assess the population structure using the Bayesian
model-based clustering approach [44]. We selected the best K value based on the ∆K
parameter proposed by [45], and K = 2 seemed to be the best fit for our data (Supplementary
Figure S7). The STRUCTURE and PCA analyses demonstrated that the 85 M. speciosa
accessions sampled in this work represented an admixture of two subpopulations (Figure 4)
that appeared to originate from different geographical locations. One subpopulation
consisted primarily of individuals collected from Western and Southern Thailand, whereas
the other comprised individuals collected from Central Thailand (Supplementary Table S1).
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Figure 4. Population structure and genetic diversity of M. speciosa. (A) Population structure of 85 M.
speciosa accessions. Each accession is represented by a vertical bar, and the length of each color reflects
the proportion contributed by ancestral populations. Accessions collected in Western and Southern
Thailand are indicated by red dots while those collected in Central Thailand are indicated by grey
dots. (B) Principal component analysis (PCA) of 85 M. speciosa accessions based on 2492 SNP markers.
Each accession is represented by a single dot with colors indicating subpopulations.

The genetic diversity analysis of 85 M. speciosa accessions revealed that the GD ranged
from 0.1 to 0.5 with an average of 0.36, while the PIC varied from 0.09 to 0.38 with an average
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of 0.28 (Figure 5). For the majority of SNPs analyzed, the GD and PIC values were ~0.5 and
~0.4, respectively. The HO values varied from 0.06 to 1 with most of the SNPs possessing
HO values of 0.1. The mean values for HO and MAF were 0.5 and 0.28, respectively.
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4. Discussion

M. speciosa, or Kratom, is a tropical plant indigenous to Southeast Asia that produces
multiple biologically active phytochemicals with unique pharmacological properties. Here,
we present a de novo assembly of the M. speciosa genome using the combination of PacBio
long-read SMRT technology and the long-range proximity ligation technique (Hi-C). The
preliminary assembly obtained from the PacBio sequencing was 692 Mb, slightly smaller
than our estimated genome size of 727 Mb (by DNA flow cytometry) and a previously
reported genome size of 780 Mb [6]. We subsequently employed the Hi-C method to iden-
tify chromosomal interactions using chromosome conformation capture. The Hi-C data
provided long-range linkage information of up to tens of megabases that could be used to
generate chromosome-level scaffolds. Our final assembly contained 22 pseudomolecules
covering 602 Mb or ~87% of the 692-Mb assembly. The genus Mitragyna has been reported
as a tetraploid with a base chromosome number of 11 (2n = 4x = 44) [5,6]. We believed
that M. speciosa is an allotetraploid deriving from the hybridization of two currently un-
known progenitors since our Hi-C assembly was phased into 22 chromosomes instead of
the haploid chromosome number. We evaluated the representation of highly conserved
orthologs using the BUSCO tool and demonstrated that our gene prediction recovered as
much as 98.4% of the conserved orthologs in the Embryophyta lineage, suggesting that our
genome assembly is more complete than the previously reported assembly, which covered
only 88.5% of the BUSCO orthologs [6]. In addition, the contiguity of our chromosome-
level assembly (N50 = 26 Mb and contains 2888 scaffolds) is also superior to that of the
published assembly (N50 = 1 Mb and contains 17,031 scaffolds) [6]. We also noticed a huge
discrepancy between the sizes of our assembly (692 Mb) and the previously published
one (1122 Mb) [6]. The dot plot alignment of scaffolds/contigs from these two assemblies
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revealed several duplicated regions in the previously published assembly (examples shown
in Supplementary Figure S8), suggesting that there were residual haplotigs remaining in
the previous assembly. Those uncollapsed contigs provided the most likely explanation as
to why the previous assembly was significantly larger than both the one presented here
and the estimated genome size by DNA flow cytometry.

The analysis of intragenomic synteny and the 4DTv analysis of the paralogous gene
pairs in M. speciosa revealed the evidence of whole-genome duplication. There appeared
to be a one-to-one synteny between 11 pairs of homeologous chromosomes (Figure 1).
Interestingly, our 4DTv analyses suggested that the genome-wide duplication in M. speciosa
occurred during the same period in which M. speciosa diverged from the last common
ancestor of those two Coffea species (Figure 3B). Our evaluation of the M. speciosa population
structure showed that the 85 individuals sampled in this work could be grouped into two
subpopulations. The clustering appeared to be associated with the geographical regions
from which the samples were collected, with individuals from Western and Southern
Thailand in one subpopulation and those from Central Thailand in another. We also
assessed the level of genetic diversity of the population studied and found that among
the 85 M. speciosa accessions, most of the SNP markers were moderately informative with
an average PIC value of 0.28. These molecular markers will be useful for evaluating
the genetic diversity of other M. speciosa populations and also for future marker-assisted
breeding programs.

5. Conclusions

With M. speciosa emerging as a new cash crop, there has been interest in developing
elite cultivars producing bioactive alkaloids with potential pharmaceutical uses. The
availability of this high-quality reference genome assembly, the transcriptomic data along
with the genomic variation information from the population will enable future studies on
gene expression profiling that can improve our understanding of the biosynthetic pathways,
studies on phylogeny, and comparative genomics in Rubiaceae family.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/biology11101492/s1, Figure S1: A map illustrating the locations of 85 M.
speciosa accessions in Thailand collected for the population structure study; Figure S2: Genome size
estimation by DNA flow cytometry. Histograms of relative DNA contents obtained after analysis of
nuclei isolated from leaf tissues of M. speciosa and tomato plants (Solanum lycopersicum; used as a reference
standard); Figure S3: Hi-C interaction matrix maps of M. speciosa chromosomes. The contact density is
indicated by the color scale on the right from dark red (high density) to white (low density); Figure S4:
Gene Ontology (GO) annotation of M. speciosa genes in the assembly; Figure S5: Mitragynine biosynthesis
pathway and the list of genes in the pathway that were identified in the genome assembly; Figure S6:
Synteny between M. speciosa and (A) C. canephora (B) C. arabica; Figure S7: Delta K values for STRUCTURE
analysis of 85 M. speciosa accessions. Delta K is plotted against the number of modeled gene pools (K);
Figure S8: Examples of the dot plot alignment of scaffolds/contigs from our genome assembly (X-axis)
and the previously published one (Y-axis). Red circles indicated duplicated regions in the assembly
published by Brose et al. (2021). Table S1: List of sequenced M. speciosa accessions; Table S2: Annotation
statistics for M. speciosa; Table S3: Functional annotations of M. speciosa protein-coding genes.
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