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Abstract

Mitragyna speciosa (kratom) produces numerous compounds with pharmaceutical properties including the production of bioactive
monoterpene indole and oxindole alkaloids. Using a linked-read approach, a 1,122,519,462 bp draft assembly of M. speciosa “Rifat” was
generated with an N50 scaffold size of 1,020,971 bp and an N50 contig size of 70,448 bp that encodes 55,746 genes. Chromosome count-
ing revealed that “Rifat” is a tetraploid with a base chromosome number of 11, which was further corroborated by orthology and syntenic
analysis of the genome. Analysis of genes and clusters involved in specialized metabolism revealed genes putatively involved in alkaloid
biosynthesis. Access to the genome of M. speciosa will facilitate an improved understanding of alkaloid biosynthesis and accelerate the

production of bioactive alkaloids in heterologous hosts.
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Introduction

The Rubiaceae is one of the largest families of angiosperms with
an estimated 13,000 species within 650 genera (https:/www.
mobot.org/mobot/research/apweb). The family is well-known for
its specialized metabolism, of which, a number of species have
been cultivated for human use. The most well-known and
economically important genus is Coffea (coffee) known for its
stimulatory alkaloid caffeine (Figure 1). Consequently, the
Rubiaceae is often referred to as the “coffee family”. Several other
species in this family are of commercial or pharmaceutical rele-
vance, including many important alkaloid-producing species
such as Theobroma cacao (heart stimulant theobromine), Cinchona
officinalis (antimalarial quinine), and Carapichea ipecacuanha
(expectorant ipecac), formerly known as Psychotria ipecacuanha
(Achan et al. 2011). The Rubiaceae also contains ornamentals in-
cluding Gardenia, which are prized for their fragrance attributable
to the production of volatile specialized metabolites (Liu and Gao
2000) and Rubia tinctorum (madder), which has been used for
its red coloring properties. Moreover, for a variety of Rubiaceae

species, aphrodisiac or psychoactive properties have been
reported (Adkins et al. 2011). The species Uncaria tomentosa
(Cat’s claw) and Mitragyna speciosa (kratom; Figure 1), have been
used for centuries in China, Southeast Asia, and South America
as folk medicines (Erowele and Kalejaiye 2009; Adkins et al.
2011). In a majority of the studies, the biological activity of
these species is attributed to unique monoterpene indole and
oxindole alkaloids.

M. speciosa is native to Southeast Asia and traditionally was
used to combat fatigue, treat pain, as a relaxant, and as a stimu-
lant (Suwanlert 1975). However, M. speciosa has emerged in recent
years as an herbal remedy to treat not only pain, but also to alle-
viate symptoms associated with opiate withdrawal as well as use
as a psychostimulant (Boyer et al. 2008; McWhirter and Morris
2010; Nelsen et al. 2010). M. speciosa exhibits dose-dependent
responses with low doses providing stimulatory effects similar to
cocaine and amphetamines, whereas high doses lead to sedative
and narcotic effects (Prozialeck et al. 2012). While M. speciosa is
reported to produce numerous different alkaloids (Brown
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Figure 1 Structural diversity of alkaloids from M. speciosa. Red structures signify compounds with reported pharmaceutical properties. Photo credit:

Jade at the Healing East.

and Alper 2017), the pharmacological effects are attributed to
monoterpene indole alkaloids (MIAs), specifically, mitragynine,
and 7-hydroxymitragynine. Not surprisingly, due to its structural
similarity to opioids, mitragynine has been shown to act on the y,
k, and & opioid receptors and is a potent opioid agonist
(Thongpradichote et al. 1998; Takayama 2004) whereas the oxin-
dole mitraphylline has been shown to have promising anti-
cancer activity (Bacher et al. 2006; Bigliani et al. 2013; Kaiser et al.
2013). Other compounds have been isolated from M. speciosa and
reported to have pharmaceutical applications including rhyncho-
phylline (noncompetitive N-methyl-p-aspartate receptor antago-
nist), speciophylline, speciogynine (smooth muscle relaxer), and
paynatheine (stimulant) (Figure 1; Shellard et al. 1978). These
compounds have been shown to modulate intestinal smooth
muscle function and behavioral response in animals (Matsumoto
et al. 2005).

Currently, M. speciosa is banned in a number of countries but
available as an herbal remedy in certain countries such as the
United States and Canada. While the safety of M. speciosa has
been questioned, the US Drug Enforcement Agency withdrew a
notice of intent to classify mitragynine and 7-hydroxymitragy-
nine as Schedule I drugs pending the outcome of an investigation
by the US Food and Drug Administration which issued a
public health advisory on the use of M. speciosa (O'Malley 2018).
Understanding the biosynthesis of the bioactive alkaloids in M.
speciosa would permit heterologous expression of individual com-
pounds thereby enabling more precise pharmacological studies
on the positive and/or negative outcomes of this medicinal plant
and eventually, informed breeding and production strategies
for this species. In this study, we report on the draft genome
sequence and annotation of M. speciosa, demonstrate that
M. speciosa is a tetraploid, and has conserved loci involved in
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specialized metabolism that can be harnessed to identify loci in-
volved in MIA biosynthesis.

Materials and methods
Plant material and chromosome analysis

M. speciosa “Rifat” was purchased as rooted cuttings from World
Seeds Supply (https://www.worldseedsupply.com/) and grown in
a greenhouse at Michigan State University (East Lansing, MI,
USA) at 22°C day/18°C night. From November to April, the green-
house was supplemented with 12 hours of light. For mitotic meta-
phase chromosome preparation, root tips were harvested from a
greenhouse-grown “Rifat” plant and treated with nitrous oxide at
a pressure of 160 psi (~10.9 atm) for 40 minutes (Braz et al. 2018).
Root tips were then fixed in three methanol: one glacial acetic
acid for 24 hours at room temperature and stored at —20°C until
use. Meristems were digested with an enzymatic solution con-
taining 2% pectolyase (Sigma-Aldrich, St Louis, MO, USA), 4% cel-
lulase (Yakult Pharmaceutical, Tokyo), and 20% pectinase
(Sigma-Aldrich, St Louis, MO, USA) for 2 hours at 37°C and slides
prepared as described previously with minor modifications (De
Carvalho and Saraiva 1993). Chromosomes were counterstained
with DAPI (4’,6-diamidino-2-phenylindole) in VECTASHIELD anti-
fade solution (Vector Laboratories, Burlingame, CA, USA).
Metaphase images were captured using a Qlmaging Retiga EXi
Fast 1394 CCD camera attached to an Olympus BX51 epifluores-
cence microscope and processed with Meta Imaging Series 7.5
software. The final image was optimized for brightness and con-
trast with Adobe Photoshop CS4 (Adobe Systems Incorporated)
software.

Nucleic acid isolation, library construction, and
sequencing

Genomic DNA was isolated from young “Rifat” leaves from a sin-
gle plant using a modified cetrimonium bromide protocol that
includes a sorbitol buffer wash step to remove polysaccharides
(Tel-zur et al. 1999). A single 10x Genomics long read library
(Chromium Genome Reagent v2 kit; 10x Genomics, Pleasanton,
CA) was constructed at the Van Andel Institute and sequenced
on the HiSeq 4000 in the Research Technology Support Facility
(RTSF) Genomics Core at Michigan State University. A separate
[Nlumina compatible whole genome shotgun (WGS) sequencing li-
brary was constructed as described previously (Hardigan et al.
2016) and sequenced in paired-end mode on a HiSeq4000 at the
RTSF Genomics Core at Michigan State University generating
150nt reads.

Immature leaves, mature leaves, leaf bracts, roots, stems,
petioles, and leaves 6days after wounding from greenhouse-
grown plants were harvested and flash frozen in liquid nitrogen
(Supplementary Table S1). RNA was isolated using the method
described previously (Kolosova et al. 2004) with these modifica-
tions: the amount of tissue was scaled down to 100mg and the
RNA pellet was washed with 70% ethanol following LiCl precipita-
tion prior to resuspension in nuclease-free water. After DNAse
treatment (DNA-freeT Kit; Ambion, Austin, TX, USA), RNA integ-
rity was assessed using the RNA 6000 Nano kit (Bioanalyzer 2100;
Agilent, Santa Clara, CA, USA). For gene annotation, mature leaf
and root RNA were used to construct KAPA Stranded RNA-
Sequencing (RNA-Seq) libraries using NEB adapters and primers
(Roche Sequencing, San Diego, CA, USA) and sequenced in
paired-end mode on the HiSeq2500 at the RTSF Genomics Core at
Michigan State University. For expression abundance estima-
tions, RNA-seq libraries were constructed using the Illumina

TruSeq kit (Stranded mRNA—polyA mRNA; Illumina) and single-
end 50nt reads were generated at the RTSF Genomics Core at
Michigan State University on the HiSeq4000. All sequencing
materials and sequencing strategies are listed in Supplementary
Table S1.

Genome assembly and scaffold filtering

The “Rifat” genome was assembled with Supernova v2.0.1
(Weisenfeld et al. 2017) using 631 M 151 nt reads from a single 10x
library, equivalent to 77.59x raw coverage and 52.89x effective
coverage after accounting for duplicated reads, as calculated by
Supernova. The genome assembly was extracted from the raw
assembly output using the Supernova mkoutput function creat-
ing two assembly files: one with the pseudohapl style and the
other with the pseudohap? style, both with a minimum scaffold
size of 500 nt. Downstream analyses were conducted on the pseu-
dohapl assembly. Redundant scaffolds were removed using the
redundancy reduction module of Redundans (v0.14a; Pryszcz and
Gabaldén 2016) with an identity of 99, overlap of 95, minimum
length of 5kb, no scaffolding, and no gap-closing options. Mean
scaffold read depth values were calculated from alignments of
the 10x library using BWA-MEM (bwa v0.7.12; Li 2013) with the -
M option followed by removal of duplicate reads using
MarkDuplicates (picardTools v2.7.2; http://broadinstitute.github.
io/picard/) and calculated by dividing the total read bases aligned
to each scaffold, as reported by SAMtools (v1.4; Li et al. 2009) bed-
cov, by the length of each scaffold minus gaps. The distribution
of per-base depth of coverage was calculated using SAMtools
depth with the parameters —aa and -d 0.

Scaffolds in the filtered 10x assembly were queried against the
National Center for Biotechnology Information nucleotide data-
base (NCBI; downloaded May 1, 2018) using BLASTN (BLAST+
v2.6.0; Camacho et al. 2009) with the parameter -max_target_seqs
100000. Using filters of E-value <e-40, Query Coverage Per
Subject >90, Query Coverage Per HSP >50 and identity >90; one
nonViridiplantae scaffold (6 kb) was detected. Further investiga-
tion revealed that this scaffold was the PhiX sequencing control
(NC_001422.1). To remove chloroplast genome scaffolds, the scaf-
folds were queried against Rubiaceae chloroplast genomes down-
loaded from NCBI (Supplementary Table S2). BLASTN filters for
chloroplast scaffolds were Query Coverage Per Subject >97,
Query Coverage Per HSP >50 and identity >97; six chloroplast
scaffolds, totaling 153 kb, were removed.

Genome assembly quality assessment

Standard sequence content and contiguity metrics were obtained
using assemblathon_stats.pl from Assemblathon (v2; Bradnam
et al. 2013). BUSCO 3 (v3.1.0; Simao et al. 2015) was run using the
embryophyta_odb9 database (1440 BUSCO groups) in genome
mode. Genomic DNA reads were cleaned of adaptors and low-
quality bases using Cutadapt (v1.18; Martin 2011) and aligned to
the genome using BWA-MEM (bwa v0.7.12; Li 2013) with the -M
option followed by removal of duplicate reads using
MarkDuplicates (picardTools v2.7.2; http://broadinstitute.github.
io/picard/). RNA-Seq reads were cleaned of adaptors and low-
quality bases using Cutadapt (v1.18; Martin 2011) and aligned to
the genome using HISAT?2 (v2.1.0; Kim et al. 2015) with options g,
max-intronlen 5000, and new-summary. Alignment metrics
were then obtained using SAMtools flagstat and Picard
CollectAlignmentSummaryMetrics (picardTools v2.9.2; http://
broadinstitute.github.io/picard/).
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Gene annotation

A M. speciosa “Rifat” custom repeat library was created using
RepeatModeler (v1.0.8; http://repeatmasker.org) and matched
against a curated library of plant protein-coding genes and
sequences identified using ProtExcluder (v1.1; Campbell et al
2014). The resulting repetitive sequences were combined with
RepBase Viridiplantae repeats (v20150807; Jurka et al. 2005) to cre-
ate a final custom repeat library. The assembly was then masked
using RepeatMasker (v4.0.6; http://repeatmasker.org; Chen 2004)
using the custom repeat library with the -s, -nolow, and —no_is
options; subsequent gene annotations were derived from the
masked genome.

The paired-end RNA-Seq libraries were aligned using TopHat2
(v2.1.1; Kim et al. 2013) with the parameters-min-intron-length 20
and -max-intron-length 20000 in stranded mode. Ab initio gene
prediction was performed by training AUGUSTUS (v3.2.2; Stanke
et al. 2006), using the hints provided by the alignments of the leaf
RNA-seq library and the soft-masked genome assembly.
Genome-guided transcript assemblies were constructed using
Trinity (v2.3.2; Grabherr et al. 2011) with the parameters -
genome_guided_max_intron 20000 and -SS_lib_type RF, remov-
ing transcripts shorter than 500bp. Gene predictions were then
refined using PASA2 (v2.0.2; https://github.com/PASApipeline/
PASApipeline/wiki; Haas et al. 2008), utilizing genome-guided
transcript assemblies as evidence to yield the working gene
model set.

High-confidence gene models were defined within the working
gene model set by several criteria. First, transcripts must be
flanked by start and stop codons, with no internal stop codon.
Second, it must have a PFAM (v31; Finn et al. 2016) hit with an E-
value <le-5 and a domain E-value <1e-3 as identified by HMMER
(v3.1b2; Mistry et al. 2013) or have a FPKM value greater than 0 in
any of the single-end RNA-seq libraries, as calculated using
Cufflinks (v2.2.1; Trapnell et al. 2010) with the parameters -multi-
read-correct, —frag-bias-correct, -max-bundle-frags 999999999,
and -max-intron-length 20000 in stranded mode. Third, it must
not have the best PFAM hit to a transposable element-related do-
main. Functional annotations were inferred from BLASTP
(BLAST+ v2.6; Camacho et al. 2009) queries against Arabidopsis
thaliana (Araport 11; Cheng et al. 2017) and manually curated
Viridiplantae entries in Swiss-Prot (downloaded December 12,
2019; Boeckmann et al. 2003), filtering for an E-value <1le-5. Gene
ontology terms were annotated using InterProScan (v5.28.67.0;
Jones et al. 2014).

Comparative analyses

The longest peptide for each gene was obtained for Amborella tri-
chopoda (v1), A. thaliana (Araport 11), Coffea canephora, Solanum lyco-
persicum (ITAG2.4), T. cacao (v1.1), Vitis vinifera (Genoscope.12X),
and the high-confidence gene set for M. speciosa. All datasets
were downloaded from Phytozome (v12.1; Goodstein et al. 2012)
except C. canephora (http://coffee-genome.org/) and M. speciosa.
Orthologous groups were identified using Orthofinder (v2.2.7;
Emms and Kelly 2019) with the parameters -S blast and -M msa.
BLASTP (BLAST+ v2.6.0; Camacho et al. 2009) was run for the lon-
gest peptide per gene for M. speciosa and C. canephora, making self-
comparisons and cross-comparisons in both directions. The top
five hits for each query were retained after filtering with an
E-value <1le-5. Visualization of the orthogroup membership was
performed using the package UpsetR (Conway et al. 2017) in R
(https://www.r-project.org/).

Monoterpene indole alkaloid biosynthetic
pathway

Mitragynine and mitraphylline are derived from the central MIA
intermediate strictosidine and using validated genes from the
MIA-producing species Catharanthus roseus (Kellner et al. 2015),
putative orthologs of the methylerythritol phosphate and iridoid
pathways were identified as well as the downstream genes stric-
tosidine synthase and tryptophan decarboxylase in M. speciosa. A
BLASTP search (BLAST+ v2.6; Camacho et al. 2009) of the working
set of M. speciosa genes with the options E value <1le-40, query
coverage >70, and percent identity >50 was used to identify
putative orthologs. The expression of the putative orthologs was
determined using Cufflinks (v2.2.1; Trapnell et al. 2012) on the
working set of genes with the -b option.

Results and discussion
Genome assembly of M. speciosa
A linked-read approach was employed to generate a genome as-
sembly of M. speciosa “Rifat.” Using 631,344,782 reads representing
88 Gb of sequence generated from a single 10x Chromium library,
the M. speciosa “Rifat” genome was assembled using Supernova
(Weisenfeld et al. 2017). The raw Supernova assembly was com-
posed of 36,453 scaffolds totaling 1,187,578,907 bp with an N50
scaffold length of 879,459bp (Table 1). Scaffolds were filtered to
remove small scaffolds (<5kb) plastid sequences, contaminants,
and haplotig sequences. The final assembly was 1,122,519,462 bp
(968,285,288 bp ungapped sequence) located on 17,031 scaffolds
with an N50 scaffold size of 1,020,971bp, a maximum scaffold
size of 9,844,214 bp, and an N50 contig size of 70,448 bp (Table 1).
The genus Mitragyna is reported to be a tetraploid with a base
chromosome number of 11 (Kiehn 1995). Chromosome counts of
M. speciosa “Rifat” root tips revealed 2n=4x=44 chromosomes
(Figure 2), consistent with “Rifat” being a tetraploid. Flow cytome-
try of “Rifat” leaves revealed a 2C size of 1.56Gb (1C=780Mb)
whereas the ungapped assembly size is 968 Mb suggesting that
residual haplotigs remain in the final assembly.

Quality assessments of the final assembly were performed to
determine its representation of the genome and gene space.

Table 1 Assembly metrics of M. speciosa “Rifat” assembly

Scaffolds Initial assembly Final assembly
Number of scaffolds 36,453 17,031
Total size of scaffolds (bp) 1,187,578,907 1,122,519,462
Longest scaffold (bp) 9,844,214 9,844,214
Shortest scaffold (bp) 1,000 5,001
Mean scaffold size (bp) 32,578 65,910
Median scaffold size (bp) 5,162 10,864
N50 scaffold length (bp) 879,459 1,020,971
L50 scaffold count 260 225
Scaffold %N 13.00% 13.74%
Ungapped size (bp) 1,033,245,372 968,312,152
Contigs
Percentage of assembly 76.30% 80.40%
in scaffolded contigs
Number of contigs 49,303 29,145
Number of contigs 16,150 14,757
in scaffolds
Total size of contigs (bp) 1,033,348,707 968,424,462
Mean contig size (bp) 20,959 33,228
Median contig size (bp) 6,703 15,187
N50 contig length (bp) 63,984 70,448
Contig %N 0.01% 0.01%

Initial Assembly generated by Supernova; Final Assembly generated after
filtering.
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Figure 2 Mitotic metaphase chromosomes of M. speciosa. Digested
meristems from root tips counterstained with DAPI pictured in blue.
Bar =5um.

Alignment of three independent WGS sequencing datasets to the
final assembly resulted in 95.9%-97.8% aligned reads, of which,
99.2%-99.7% were properly paired (Supplementary Table S3) sug-
gesting accurate assembly of the genome. Read depth across the
scaffolds were examined revealing that the majority of the scaf-
folds had a read depth of 55.4 (log, 5.7) (Supplementary Figure
S1); however, scaffolds with lower and higher read depth are pre-
sent in the final assembly suggesting the presence of unpurged
haplotigs as well as collapsed homeologs, respectively. To reveal
the extent of unpurged haplotigs and collapsed scaffolds, the
average depth of each scaffold was plotted (Supplementary
Figure S1). This revealed two peaks; the first belonging to uncol-
lapsed scaffolds and the second belong to collapsed scaffolds.

To assess the representation of genic space, leaf and root
paired-end RNA-seq libraries were aligned to the assembly
revealing an alignment of 95.1 and 93.6% of the reads
(Supplementary Table S4), respectively, of which, 97.2 and 96.8%
were properly paired, respectively. We also aligned additional
single end RNA-Seq libraries from diverse tissues (13 samples,
Supplementary Table S1) and observed alignment rates of 93.4—
95.2% (Supplementary Table S4). We also assessed representa-
tion of conserved orthologs using the Benchmarking Universal
Single-Copy Orthologs tool (Simao et al. 2015) revealing 88.5%
complete orthologs with 4% fragmented (C: 88.5% [S: 45.4%, D:
43.1%)], F: 4%, M: 7.5%, n: 1440). Not surprisingly, 43.1% of the
BUSCO orthologs were present as duplicates, consistent with the
reported tetraploid nature of Mitragyna species (Kiehn 1995) and a
chromosome count of 44. Approximately 45.4% of the BUSCO
orthologs were present in single-copy that could be due to loss of
an ortholog in one of the two kratom subgenomes or due to the
collapse of the two homeologs into a single scaffold in regions of
the two subgenomes with high-sequence identity. Collectively,
these data support a high-quality draft assembly of M. speciosa.

Genome annotation

To annotate the genome, a custom repeat library was con-
structed and used to mask the assembly for repetitive sequences;
in total, 44.18% of the genome was identified as repetitive
sequences (Supplementary Table S5). The GC content was
34.49 and a total of 495,976,085 bases were masked. Paired end
RNA-seq reads from leaf and root tissue were used to generate

Table 2 Genome annotation metrics for M. speciosa “Rifat”

Working High confi-
Set dence
Set
Number of genes 70,611 55,746
Number of transcripts 93,399 77,857
Mean transcript length (bp) 1,456.90 1,630.49
Mean gene length (bp) 2,992.50 3,439.99

Mean exon number 6.46 7.49
Mean CDS length (bp) 1,094.33 1,206.73

genome-guided transcript assemblies to train Augustus as
described previously (Zhao et al. 2019). The initial Augustus-
generated gene models were then refined using PASA2 (Haas et al.
2008) resulting in a working set of 70,611 genes encoding 93,399
gene models (Table 2). A high confidence gene model set was
generated by first removing genes models that lack a start and
stop codon or contain a Pfam domain related to transposable
elements, and then identifying gene models that were either
expressed (FPKM >0; Fragments per kb exon model per million
mapped reads) or had a significant Pfam domain match; 55,746
genes encoding 77,857 gene models are in the high confidence
gene set (Table 2).

Comparative analyses of M. speciosa with related
species
Using the predicted proteomes of A. trichopoda (DePamphilis et al.
2013), A. thaliana (Cheng et al. 2017), C. canephora (Denoeud et al.
2014), T. cacao (Argout et al. 2011), S. lycopersicum (Sato et al. 2012),
V. vinifera (Jaillon et al. 2007), and M. speciosa, orthologous and
paralogous groups were generated using OrthoFinder (v2.2.7;
Emms and Kelly 2019); these relationships are presented in a
phylogeny that is consistent with known relationships among
these species (Figure 3). Clustering of these seven proteomes
revealed 15,194 orthologous groups containing 55,542 genes;
M. speciosa had 90 lineage-specific paralogous groups containing
479 genes (Figure 4).

Orthologous groups (3,415 total) containing a single A. thaliana,
A. trichopoda, S. lycopersicum, T. cacao, V. vinifera, and C. canephora
gene and therefore, putatively single copy genes across these spe-
cies were examined for the number of M. speciosa genes within
the orthogroup (Figure 5). Of the 3,415 orthogroups, 3% contained
no M. speciosa genes, 28% of orthogroups had a one-to-one ratio
throughout all species including M. speciosa, 30% of orthogroups
contained two genes in M. speciosa per one gene of another spe-
cies, and 39% contain three or more genes in M. speciosa per one
gene of another species (Figure 5). The observation of increased
duplicated genes in M. speciosa relative to the other species
supports the tetraploid nature of M. speciosa. Orthogroups specific
to the Rubiaceae species (C. canephora and M. speciosa) were also
consistent with the tetraploid nature of M. speciosa as only 4% of
the Rubiaceae-lineage specific orthogroups contained a single
C. canephora gene not present in M. speciosa, 23% were present
in a one-to-one ratio, 27% contained two duplicated genes in
M. speciosa per one C. canephora gene, and 46% of orthogroups
contain three or more genes in M. speciosa per one C. canephora
gene (Supplementary Figure S2).

Genes encoding specialized metabolism

A feature of some specialized metabolic biosynthetic pathways is
gene co-expression and physical clustering in the genome
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Figure 3 Phylogeny of M. speciosa and other angiosperms. Phylogeny was obtained from Orthofinder (v2.2.7; Emms and Kelly 2019). Photo credit:
Sangtea Kim (Amborella trichopoda picture).
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Figure 4 Orthogroups of M. speciosa from Orthofinder (v2.2.7; Emms and Kelly 2019). The number of orthogroups identified between Amborella trichopoda,
Arabidopsis thaliana, Vitis vinifera, Solanum lycopersicum, Theobroma cacao, Coffea canephora, and M. speciosa. The numbers on top of each bar are the number
of orthogroups that are present amount the species with black-filled circles below the x-axis. The proportion of the species present in orthogroups is
shown to the left of the axis.
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Figure 5 Frequency of orthogroups with various numbers of M. speciosa genes per one gene of other species. Amborella trichopoda, Arabidopsis thaliana,
Vitis vinifera, Solanum lycopersicum, Theobroma cacao, and Coffea canephora are the species were only one gene is present in the orthogroups. Frequency
refers to the number of orthogroups identified by Orthofinder (v2.2.7; Emms and Kelly 2019). Orthogroups are separated by the number of M. speciosa
genes present when the orthogroup contains one gene from A. trichopoda, A. thaliana, V. vinifera, S. lycopersicum, T. cacao, and C. canephora.

(NUtzmann et al. 2016). The M. speciosa genome was examined for
candidate genes involved in biosynthesis of strictosidine, the cen-
tral intermediate in MIA biosynthesis. Putative orthologs of
C. roseus MIA pathway genes were identified for eight genes of the
methylerythritol phosphate pathway, nine genes of the iridoid
pathway, tryptophan decarboxylase, and strictosidine synthase
within the working set of genes (Supplementary Table S6). As
gene expression data is available for leaves (young and mature),
roots, stems, petioles, bracts, and wounded leaves, coexpression
analyses can be performed to decipher which of these putative
orthologs function in MIA biosynthesis in kratom.

Some specialized metabolism pathways are physically
clustered in plant genomes and Planti-SMASH (Kautsar et al.
2017) was used to identify clusters of specialized metabolism
genes. In total, 72 clusters were identified (Supplementary
Table S7). One cluster is predicted to encode alkaloid bio-
synthetic genes including a copper amine oxidase, epimerase, and
cytochrome P450. The other predicted cluster types are terpene,
saccharide-terpene, saccharide-alkaloid, saccharide, polyketide-
alkaloid, polyketide, lignan-polyketide, lignan, alkaloid, and putative
clusters.

Conclusions

Access to an annotated genome assembly of M. speciosa “Rifat,”
coupled with access to gene expression profiles, will facilitate
the discovery of alkaloid biosynthetic pathway genes and
heterologous production of bioactive alkaloids. Furthermore, the
M. speciosa genome will aid in improving our understanding of the
evolution of plant specialized metabolic pathways and provide a
resource to understand genetic diversity in M. speciosa.

Funding

Funds for this work were provided through awards from the
Michigan State University Strategic Partnership grant program
(CRB, BjH, and SEO), Michigan State University Distinguished
Fellowship program (JB), European Research Commission (SEO;
Award 788301), and Natural Science and Engineering Research
Council of Canada Discovery Grant (TTTD, NSERC RGPIN-2019-
05473). BjH gratefully acknowledges startup funding from
the Department of Biochemistry and Molecular Biology, and
support from Michigan State University AgBioResearch
(MICL0O2454).

Conflicts of interest: None declared.

Data availability

Supplemental tables and figures for this publication have been
uploaded to figshare: https://doiorg/10.25387/g3.13042784. Raw
sequence reads for all generated data are available through the
National Center for Biotechnology Information Sequence Read
Archive under BioProject ID PRINA664198. The genome assembly,
annotation, gene expression abundances, synteny results,
and orthologous groups are available on the Medicinal Plant
Genomics project website (http://medicinalplantgenomics.msu.edu/)
as well as on figshare: https://doi.org/10.25387/g3.13042784.

Literature cited

Achan J, Talisuna AO, Erhart A, Yeka A, Tibenderana JK, et al. 2011.
Quinine, an old anti-malarial drug in a modern world: role in the
treatment of malaria. MalarJ. 10:


https://doi.org/10.25387/g3.13042784
http://medicinalplantgenomics.msu.edu/

8 | G3,2021,Vol. 11, No. 4

Adkins JE, Boyer EW, McCurdy CR. 2011. Mitragyna speciosa, a psycho-
active tree from Southeast Asia with opioid activity. Curr Top
Med Chem. 11:1165-1175.

Argout X, Salse J, Aury JM, Guiltinan MJ, Droc G, et al. 2011. The ge-
nome of Theobroma cacao. Nat Genet. 43:101-108.

Bacher N, Tiefenthaler M, Sturm S, Stuppner H, Ausserlechner MJ, et
al. 2006. Oxindole alkaloids from Uncaria tomentosa induce apo-
ptosis in proliferating, GO/G1-arrested and bcl-2-expressing acute
lymphoblastic leukaemia cells. BrJ Haematol. 132:615-622.

Bigliani MC, Rosso MC, Zunino PM, Baiardi G, Ponce AA. 2013.
Anxiogenic-like effects of Uncaria tomentosa (Willd.) DC. aqueous
extract in an elevated plus maze test in mice: a preliminary
study. Nat Prod Res. 27:1682-1685.

Boeckmann B, Bairoch A, Apweiler R, Blatter MC, Estreicher A, et al.
2003. The SWISS-PROT protein knowledgebase and its supple-
ment TrEMBL in 2003. Nucleic Acids Res. 31:365-370.

Boyer EW, Babu KM, Adkins JE, McCurdy CR, Halpern JH. 2008.
Self-treatment of opioid withdrawal using kratom (Mitragynia spe-
ciosa korth). Addiction 103:1048-1050.

Bradnam KR, Fass JN, Alexandrov A, Baranay P, Bechner M, et al.
2013. Assemblathon 2: evaluating de novo methods of genome
assembly in three vertebrate species. GigaScience 2:10.

Braz GT, He L, Zhao H, Zhang T, Semrau K, et al. 2018. Comparative
oligo-FISH mapping: an efficient and powerful methodology to re-
veal karyotypic and chromosomal evolution. Genetics 208:
513-523.

Brown TK, Alper K. 2017. Treatment of opioid use disorder with ibo-
gaine: detoxification and drug use outcomes. Am J Drug Alcohol
Abus. 25:1-13.

Camacho C, Coulouris G, Avagyan V, Ma N, Papadopoulos J, et al.
2009. BLAST+: Architecture and applications. BMC
Bioinformatics 10:421-429.

Campbell MS, Law M, Holt C, Stein JC, Moghe GD, et al. 2014.
MAKER-P: a tool kit for the rapid creation, management, and
quality control of plant genome annotations. Plant Physiol. 164:
513-524.

De Carvalho CR, Saraiva LS. 1993. A new heterochromatin banding
pattern revealed by modified HKG banding technique in maize
chromosomes. Heredity 70:515-519.

Chen N. 2004. Using RepeatMasker to identify repetitive elements in
genomic sequences. Curr Protoc Bioinformatics 5:4.10.1-4.10.14.

Cheng C-Y, Krishnakumar V, Chan AP, Thibaud-Nissen F, Schobel S,
et al. 2017. Araport11: a complete reannotation of the Arabidopsis
thaliana reference genome. Plant J. 89:789-804.

Conway JR, Lex A, Gehlenborg N. 2017. UpSetR: an R package for the
visualization of intersecting sets and their properties.
Bioinformatics 33:2938-2940.

Denoeud F, Carretero-Paulet L, Dereeper A, Droc G, Guyot R, et al.
2014. The coffee genome provides insight into the convergent
evolution of caffeine biosynthesis. Science 345:1181-1184.

DePamphilis CW, Palmer JD, Rounsley S, Sankoff D, Schuster SC, et
al. 2013. The Amborella genome and the evolution of flowering
plants. Science 342:1241089.

Emms DM, Kelly S. 2019. OrthoFinder: phylogenetic orthology infer-
ence for comparative genomics. Genome Biol. 20:238.

Erowele GI, Kalejaiye AO. 2009. Pharmacology and therapeutic uses
of cat’s claw. Am J Health Syst Pharm. 66:992-995.

Finn RD, Coggill P, Eberhardt RY, Eddy SR, Mistry J, et al. 2016. The
Pfam protein families database: towards a more sustainable fu-
ture. Nucleic Acids Res. 44:D279-D285.

Goodstein DM, Shu S, Howson R, Neupane R, Hayes RD, et al. 2012.
Phytozome: a comparative platform for green plant genomics.
Nucleic Acids Res. 40:D1178-D1186.

Grabherr MG, Haas BJ, Yassour M, Levin JZ, Thompson DA, et al.
2011. Full-length transcriptome assembly from RNA-Seq data
without a reference genome. Nat Biotechnol. 29:644-652.

Haas BJ, Salzberg SL, Zhu W, Pertea M, Allen JE, et al. 2008.
Automated eukaryotic gene structure annotation using
EVidenceModeler and the Program to Assemble Spliced
Alignments. Genome Biol. 9:R7.

Hardigan MA, Crisovan E, Hamilton JP, Kim J, Laimbeer P, et al. 2016.
Genome reduction uncovers a large dispensable genome and
adaptive role for copy number variation in asexually propagated
Solanum tuberosum. Plant Cell. 28:388-405.

Jaillon O, Aury JM, Noel B, Policriti A, Clepet C, et al. 2007. The grape-
vine genome sequence suggests ancestral hexaploidization in
major angiosperm phyla. Nature 449:463-467.

Jones P, Binns D, Chang H-Y, Fraser M, Li W, et al. 2014. InterProScan
5: genome-scale protein function classification. Bioinformatics
30:1236-1240.

Jurka J, Kapitonov VV, Pavlicek A, Klonowski P, Kohany O, et al. 2005.
Repbase Update, a database of eukaryotic repetitive elements.
Cytogenet Genome Res. 110:462-467.

Kaiser S, Dietrich F, de Resende PE, Verza SG, Moraes RC, et al. 2013.
Cat’s claw oxindole alkaloid isomerization induced by cell incu-
bation and cytotoxic activity against T24 and RT4 human bladder
cancer cell lines. Planta Med. 79:1413-1420.

Kautsar SA, Suarez Duran HG, Blin K, Osbourn A, Medema MH. 2017.
plantiSMASH: automated identification, annotation and expres-
sion analysis of plant biosynthetic gene clusters. Nucleic Acids
Res. 45:W55-W63.

Kellner F, Kim J, Clavijo BJ, Hamilton JP, Childs KL, et al. 2015.
Genome-guided investigation of plant natural product biosyn-
thesis. Plant J. 82:680-692.

Kiehn M. 1995. Chromosome survey of the Rubiaceae. Ann Missouri
Bot Gard. 82:398-408.

Kim D, Pertea G, Trapnell C, Pimentel H, Kelley R, et al. 2015. HISAT: a
fast spliced aligner with low memory requirements. Nat Methods
12:357-360.

Kim D, Pertea G, Trapnell C, Pimentel H, Kelley R, et al. 2013.
TopHat2: accurate alignment of transcriptomes in the presence
of insertions, deletions and gene fusions. Genome Biol. 14:R36.

Kolosova N, Miller B, Ralph S, Ellis BE, Douglas C, et al. 2004. Isolation
of high-quality RNA from gymnosperm and angiosperm trees.
Biotechniques 36:821-824.

Li H. 2013. Aligning sequence reads, clone sequences and assembly
contigs with BWA-MEM. arXiv Prepr. 1303.3997.

Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, et al. 2009. The
Sequence Alignment/Map format and SAMtools. Bioinformatics
25:2078-2079.,

Liu BZ, Gao Y. 2000. Analysis of headspace constituents of Gardenia
flower by GC/MS with solid-phase microextraction and dynamic
headspace sampling. Se Pu. 18:452-455.

Martin M. 2011. Cutadapt removes adapter sequences from
high-throughput sequencing reads. Embnet]. 17:10-12.

Matsumoto K, Yamamoto LT, Watanabe K, Yano S, Shan J, et al.
2005. Inhibitory effect of mitragynine, an analgesic alkaloid from
Thai herbal medicine, on neurogenic contraction of the vas defer-
ens. Life Sci. 78:187-194.

McWhirter L, Morris S. 2010. A case report of inpatient detoxification
after kratom (Mitragyna speciosa) dependence. Eur Addict Res. 16:
229-231.

Mistry J, Finn RD, Eddy SR, Bateman A, Punta M. 2013. Challenges in
homology search: HMMER3 and convergent evolution of
coiled-coil regions. Nucleic Acids Res. 41:e121.



J.Broseetal. | 9

Nelsen JL, Lapoint ], Hodgman M]J, Aldous KM. 2010. Seizure and
coma following kratom (Mitragynina speciosa Korth) exposure. ]
Med Toxicol. 6:424-426.

Nitzmann HW, Huang A, Osbourn A. 2016. Plant metabolic clus-
ters—from genetics to genomics. New Phytol. 211:771-789.

O’'Malley PA. 2018. Think Kratom Is a Safe Opioid Substitute? Think
Again!: History, Evidence, and Possible Future for Mitragyna spe-
ciosa. Clin Nurse Spec. 32:227-230.

Prozialeck WC, Jivan JK, Andurkar SV. 2012. Pharmacology of kra-
tom: an emerging botanical agent with stimulant, analgesic and
opioid-like effects. ] Am Osteopath Assoc. 112:792-799.

Pryszcz LP, Gabaldén T. 2016. Redundans: an
pipeline for highly heterozygous genomes. Nucleic Acids Res.
44:e113.

Sato S, Tabata S, Hirakawa H, Asamizu E, Shirasawa K, et al. 2012.
The tomato genome sequence provides insights into fleshy fruit
evolution. Nature 485:635-641.

Shellard EJ, Houghton PJ, Resha M. 1978. The Mitragyna Species of
Asia. Planta Med. 34:26-36.

Simao FA, Waterhouse RM, Ioannidis P, Kriventseva EV, Zdobnov
EM. 2015. BUSCO: assessing genome assembly and annotation
completeness with single-copy orthologs. Bioinformatics 31:
3210-3212.

Stanke M, Keller O, Gunduz I, Hayes A, Waack S, et al. 2006.
AUGUSTUS: ab initio prediction of alternative transcripts.
Nucleic Acids Res. 34:W435-W439.

Suwanlert S. 1975. A study of kratom eaters in Thailand. Bull Narc.
27:21-27.

assembly

Takayama H. 2004. Chemistry and pharmacology of analgesic indole
alkaloids from the rubiaceous plant, Mitragyna speciosa. Chem
Pharm Bull (Tokyo) 52:916-928.

Tel-Zur N, Abbo S, Myslabodski D, Mizrahi Y. 1999. Modified CTAB
procedure for DNA isolation from epiphytic cacti of the Genera
Hylocereus and Selenicereus (Cactaceae). Plant Mol Biol Report 17:
249-254.

Thongpradichote S, Matsumoto K, Tohda M, Takayama H, Aimi N, et
al. 1998. Identification of opioid receptor subtypes in antinocicep-
tive actions of supraspinally-administered mitragynine in mice.
Life Sci. 62:1371-1378.

Trapnell C, Roberts A, Goff L, Pertea G, Kim D, et al. 2012. Differential
gene and transcript expression analysis of RNA-seq experiments
with TopHat and Cufflinks. Nat Protoc. 7:562-578.

Trapnell C, Williams BA, Pertea G, Mortazavi A, Kwan G, et al. 2010.
Transcript assembly and quantification by RNA-Seq reveals
unannotated transcripts and isoform switching during cell differ-
entiation. Nat Biotechnol. 28:511-515.

Weisenfeld NI, Kumar V, Shah P, Church DM, Jaffe DB. 2017. Direct
determination of diploid genome sequences. Genome Res. 27:
757-767.

Zhao D, Hamilton J, Bhat W, Johnson S, Godden G, et al. 2019. A
chromosomal-scale genome assembly of Tectona grandis
reveals the importance of tandem gene duplication and
enables discovery of genes in natural product biosynthetic
pathways. GigaScience 8:giz005.

Communicating editor: J. A. Udall



	tblfn1

