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ABSTRACT

Apocynaceae is considered a family that evolved successfully and well adapted
to various environments due to its wide habitat and diverse morphological traits.
Many pharmacological effects have been reported in several Apocynaceae plants.
Considering its morphological diversity and successful adaptation to the global
environment, phylogenetic analysis of Apocynaceae will give an insight into the
evolution of plants and its connection with geological history. The evolutionary
study will also be utilized to enhance the industrial potential of Apocynaceae. In this
study, I studied 224 plastomes of Apocynaceae including sequence data available on
the database and sequences produced from Korean domestic Apocynaceae plants.
Phylogenetic analysis and divergence time estimation were conducted based on
coding sequences of the whole plastomes. As a result, the first divergence time
among three major subfamilies of Apocynaceae was calculated as 71.5 million years
ago, which is approximately close to the K-Pg extinction event. It is investigated that
subfamilies diverged after the K-Pg event have a tendency to include higher
proportions of herbaceous species and non-polyploid species, which supports the
impact of the event on the evolution of Apocynaceae. | also investigated unique
structural variations and gene mutation of plastome which might reflect correlation
with the divergence of an unique subfamily. A 4.6 kb segment inserted from
mitochondrial DNA sequences and deletion of 3 amino acids in Psal proteins are

unique in Asclepiadoideae subfamily which have prevalent herbaceous species.

Key words: Apocynaceae; K-Pg extiction event; plastome; evolutionary study;
phylogenetic analysis; divergence time estimation; psal.

Student number: 2020-25881



CONTENTS

ABSTRACT ...t ettt e e smre e s re e s nree e sreeesnneeaas i
CONTENTS .t e e re e e s ar e e snne e s sr e e e snre e e snneennns ii
LIST OF TABLES ... iii
LIST OF FIGURES ...t iv
LIST OF ABBREVIATIONS ...t \4
APPENDIX ...ttt sttt sae e sr e r e snr e e nnne s vi
INtrodUCtiON .......ocviiiiii 1
Materials and methods................cccooiiiiii 4
RESUILS ... e 8
DIESCUSSION ......ooiiiiiiiiii s 25
REFEIEICES ........eeiiiiiiiiiic e 30
Supplementary data................occooiiiiiii 35
ABSTRACT IN KOREAN ... 40
ACKNOWLEDGEMENT .......oooiiiiiiiii et 41



LIST OF TABLES

Table 1. Raw read data and newly assembled plastomes and 45S rDNA sequences
of Korean domestic Apocynaceae plants. .........ccocervrveivenenieenenenienennes 9

Table 2. The number of SNPs and InDels between newly assembled plastomes.10

iii M =



LIST OF FIGURES

Figure 1. Newly assembled plastomes and 45S nrDNA sequences and their
PRYLOZEILY. i 11

Figure 2. The integrity of coding sequences of collected plastomes.................... 13

Figure 3. A maximum-likelihood phylogenetic tree based on plastomes of
APOCYNACEAE PLANES. ..evviieieiiieiiie it 14

Figure 4. Synteny visualization among 30 complete plastomes in Apocynaceae and

tWO OULGTOUP SPECIES. 1.vvveurierierieesirerirenreebeesteesteesteesineesbeesbeesreesnnesnneannes 17
Figure 5. Density plots of Ka/Ks values generated by dN/dS calculation........... 18
Figure 6. A boxplot of Ka/Ks values generated by dN/dS calculation. ............... 19

Figure 7. A grouped bar plot of Ka/Ks values generated by dN/dS calculation..20

Figure 8. Structural variations of amino acid sequences of Psal and Rps7
accumulated through divergence of subfamilies. ...........ccccoeveniiiiinnnns 21

Figure 9. Nucleotide and amino acid sequences of Orthanthera albida and Oncinotis
tenuiloba near psal start codon where 9-bp deletion event occured....... 22

Figure 10. A MCMC tree of Apocynaceae with divergence time estimation......24

v A ==



LIST OF ABBREVIATIONS

K-Pg Cretaceous—Paleogene
dnal.CW De novo assembly of low coverage WGS
nrDNA Nuclear ribosomal DNA
MYA Million years ago
MCMC Monte Charlo Markov Chain
nrDNA Nuclear ribosomal DNA
SNP Single nucleotide polymorphism
LSC Long sing copy
IR Inverted repeat
SSC Short single copy
ITS Intergenic spacer
PtMt plastid DNA derived from mitochondrial genome
MtPt mitochondrial DNA derived from plastid genome
NAD Nicotinamide adenine dinucleotide
ESS Effective sample size
HPD Highest posterior density



APPENDIX

Table S1. The list of 219 plastomes collected from NCBI genbank database. ....35

Table S2. The list of nine Korean domestic plants of Apocynaceae.................... 39

. 3 D +11 &=
; 2] S &



Introduction

Apocynaceae consists of 378 genera and about 5,350 species and is distributed
in tropical, dry, temperate and continental climate regions. It is considered a family
that evolved successfully and well adapted to various environments due to its wide
habitat and diverse morphological traits: woody climbers, vines, perennial herbs,
trees and shrubs. Floral organs, fruits and seeds of Apocynaceae are anatomically
complex, which resulted in multiple research elucidating the mechanism of its floral
organ development and pollination. Most species of Rauvolfioideae are trees or
shrubs, while Apocynoideae and Asclepiadoideae are predominantly herbaceous

(Endress et al., 2018).

Apocynaceae underwent several re-classifications due to its morphological
diversity. After the first establishment of Apocineae (Apocynaceae) by Jussieu
(1789), Asclepiadeae (Asclepiadaceae) was separated from Apocynaceae by Brown
(1810a, 1810b). Later, Asclepiadaceaec was also divided into two subfamilies,
Asclepiadaceae and Periplocaceae, by Schlechter (1905). Endress et al. (2000)
suggested merging these three families based on morphological evidence and
molecular studies. During this re-classification, five subfamilies were recognized.
Apocynoideae and Plumeroideae were transferred from the former Apocynaceae
after separation by Brown, and Plumeroideac was renamed as Rauvolfioideae.
Secamonoideae were transferred from Asclepiadaceae. Asclepiadaceae and
Periplocaceae were downgraded to Asclepiadoideae and Periplocoideae, respectively.
These changes have been accepted by the APG II system (THE ANGIOSPERM

PHYLOGENY GROUP. 2003).



Several plants in Apocynaceae have been reported to have pharmacological
effects. Catharanthus roseus has been used as an ingredient of vinblastine, an
anticancer drug. Genomes of Rhazya stricta, Calotropis gigantea, and Asclepias
syriaca are reported to study biosynthesis pathways of mono-indole alkaloids of
Apocynaceae. Also, genus Asclepias is widely used for horticulture in North

America, and genus Cryptostegia is utilized as a source of rubber.

Considering its morphological diversity and successful adaptation to the global
environment, phylogenetic analysis of Apocynaceae will give an insight into the
evolution of plants and its connection with geological history. The evolutionary

study will also be utilized to enhance the industrial potential of Apocynaceae.

Multiple studies in which phylogenetic analyses were conducted based on
plastomes of Apocynaceae plants have been reported. Fishbein et al. (2018)
produced a maximum-likelihood phylogeny using plastomes of 103 species of
Asclepias. Nazar et al. (2019) investigated phylogenetic relationships in
Apocynaceae based on nuclear PHYA and plastid #nL-F sequences of 112 taxa.
Plastomes are considered useful materials for estimating evolutionary history
between plant species because they are well-conserved due to their high copy
number and because of their uniparental inheritance. However, research analyzing
phylogeny of Apocynaceae based on all available plastomes and investigating
evolutionary meaning from genetic variations in a geological context has not been
reported yet. In this study, I studied all plastomes of Apocynaceae available on the

database as well as newly assembled plastomes of Korean domestic Apocynaceae
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plants, and conducted phylogenetic analysis and divergence time estimation. I also
suggest evolutionary insights from structural variations of genomes and
morphological differences between subfamilies, inferring probable geological events

which have driven such divergence.



Materials and methods

Collection of plastomes

Eight Apocynaceae species samples were provided from Medicinal Herb
Garden, College of Pharmacy, Seoul National University (Gyeonggi-do, Republic of
Korea). A sample of Trachelospermum asiaticum was manually collected from Jeju-
do, Republic of Korea (Table S2). Each sample was ground into fine powder
submerged in liquid nitrogen, and DNA was extracted with Exgene Plant Mini Kit
(GeneAll), following the manufacturer's instructions. Extracted DNA was sequenced
on the Illumina MiSeq platform, and plastomes were assembled using dnalLCW (de
novo assembly of low coverage WGS) method (Kim et al., 2015).

I also collected 215 plastomes of Apocynaceae species and four plastomes of
outgroup on the NCBI GenBank database, regardless of whether they are complete
or partial (Table S1). After excluding duplicates, 228 plastomes were collected and

analyzed in this study in total.

Annotation of plastomes and inspection of gene sequences

Plastomes of nine Korean domestic Apocynaceae plants were annotated by
GeSeq (Tillich ef al., 2017). All annotated genes of each plastome were manually
inspected to determine the exact state of the genes. Normal genes were categorized
as complete genes. Genes including undetermined nucleotides or overlapped with
incomplete assembly regions were categorized as partial genes. Genes annotated as
pseudogenes or containing frameshifts or truncations are categorized as pseudogenes.
Mis-annotated genes with erroneous positions or reading frames were manually

corrected.



Phylogenetic analysis

Out of 228 plastomes collected, 122 accessions belong to the genus Asclepias.
Asclepias plastomes were screened to diminish redundancy of coding sequences and
bias of sampling size. Seven plastomes of Asclepias accessions, introduced as
exemplars of four major clades of Asclepias by Fishbein et al. (2018), were selected.
Also, another complete Asclepias plastome not included in the dataset of Fishbein et
al. (2018) was selected. 114 Asclepias plastomes other than the eight selected ones
were excluded. Common coding sequences included in the remaining 114 accessions
were extracted from annotation files, excluding genes annotated as pseudogenes in
one or more accessions. Coding sequences extracted from each accession were
concatenated in alphabetical order. The concatenated sequences were aligned using
MAFFT (Katoh et al., 2019), and conserved blocks were selected using Gblocks
(Castresasna. 2000). A maximum-likelihood phylogenetic tree based on the curated
sequences was constructed using RAxML (Stamatakis. 2014) with the

GTRGAMMA model and 1,000 bootstraps.

Structural comparative analysis of complete plastomes

Out of 228 plastomes collected, 32 complete plastomes were selected. The
selected plastomes were ordered following a topology suggested by the phylogenetic
tree previously constructed, and the sequences of two adjacent plastomes were

compared with each other using BLASTZ (Schwartz et al., 2003).



Calculation and visualization of Ka/Ks values and selection of genes

Out of 228 plastomes collected, plastomes of three major ingroup subfamilies,
Asclepiadoideae, Apocynoideae and Rauvolfioideae, were used in dN/dS calculation.
One Secamonoideae accession, three Periplocoideae accessions, two polyphyletic
Rauvolfioideae accessions and four outgroup accessions were excluded. All coding
sequences were extracted from each accession unless the coding sequence is a
pseudogene. The dN/dS calculation was conducted on every possible combination
of two coding sequences of the same gene, from different accessions, using the
CodeML package of PAML (Yang. 2007) with codon frequency F3X4.

The calculated Ka/Ks values were visualized using R (R Core Team. 2021). The
values were first grouped into intra-subfamily and inter-subfamily values, and the
two density plots were generated from the values of each group. The density plot
generated from inter-subfamily values was divided into twelve overlays following
major categories of chloroplast genes. Each overlay was divided into multiple
overlays following genes. The inter-subfamily values were then divided into three
subgroups according to which comparison pair of subfamilies the accessions used in
the calculation belong.

Next, a boxplot was generated from all inter-subfamily Ka/Ks values and sorted
by genes. Also, a grouped bar plot was generated with the mean of values according
to genes and subgroups they belong. Then, the genes with possibilities of playing
roles in divergence between subfamilies were selected judging from all generated

plots.

Structural comparative analysis of genes

Coding sequences of the selected genes were converted into amino acid
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sequences. The amino acid sequences were aligned using MAFFT, following the
same output order as the phylogenetic tree order. The aligned sequences were
manually inspected, searching for significant structural changes accumulated across

the divergence.

Divergence time estimation and evolutionary analysis

Divergence time estimation was conducted based on a set of curated sequences
used in phylogenetic analysis, using BEAST 2 (Bouckaert ef al., 2014). Gamma site
model, relaxed lognormal model and Yule model were set as site model, clock model
and tree prior, respectively. The topology was set by packing each monophyletic
crown into priors following the topology of the maximum-likelihood phylogenetic
tree. Tree calibration priors were set on two points: 71.06 MYA for the divergence
of Apocynaceae (Magallon et al., 2015) and 47.8 MYA for the fossil evidence of
Asclepiadospermum (Del Rio et al, 2020). MCMC chain length was set to
20,000,000. The outputs of six independent runs were treated with 15% burn-in and
combined using LogCombiner in the BEAST 2 package.

After the estimation, notable genetic variations observed in previous steps and
morphological traits were bound to the MCMC tree. Genetic variations include
structural variations in gene or genome level. Morphological traits were researched
via literature studies. Finally, the integrated information was interpreted in a

geological and evolutionary context.



Results

Genome assembly of nine Apocynaceae plants

Approximately 3.5 — 4.9 million reads were sequenced for collected nine
Korean domestic Apocynaceae plants. The total amounts of NGS libraries are
approximately 1.07 — 1.48 Gbps. Plastomes and 45S nrDNA sequences of the nine
plants were assembled by dnaLCW guideline (Kim et al., 2015) (Table 1). The nine
newly assembled plastomes have typical quadripartite architecture (Fig. 1la).
Sequence lengths of plastomes are 153,532 — 161,968 bp. The lengths of LSC, IR
and SSC are 85,367 — 90,553 bp, 23,876 — 25,765 bp and 17,438 — 23,663 bp,
respectively.

The nine plastomes have 0 — 9091 SNPs and 4 — 908 InDels. Three plastomes
of T. asiaticum collections have 0 — 5 SNPs and 3 — 4 InDels between each other.
Vincetoxicum paniculatum and two Cynanchum species are relatively more similar
than their outgroups, having 168 — 764 SNPs and 90 — 110 InDels (Table 2), and this
result matches well with a previous study that Cynanchum and Vincentoxicum were
once hard to discriminate, but lately recognized as different taxa (Liede, 1996).

The nine newly assembled 45S nrDNA also have a typical structure with three
subunits and two intergenic spacers (Fig. 1b). Sequence lengths of 45S nrDNA
sequences range from 5,809 bp to 5,852 bp. The lengths of 18S subunit, ITS1, 5.8S
subunit, [TS2 and 28S subunit are 1,807 — 1,809 bp, 227 — 243 bp, 160 — 162 bp, 220
— 250 bp and 3,390 — 3,395 bp, respectively.

Two phylogenetic trees were constructed with plastomes and 45S nrDNA

sequences, respectively, and the topology of both trees are identical (Fig. 1c).



Table 1. Raw read data and newly assembled plastomes and 45S rDNA sequences of Korean domestic Apocynaceae plants.

Raw read data Plastome 45S nrDNA
famil
Subfamily Name Total  Total bases l::;‘:l LSC jhop  SSC lfl‘l’:t';l 188 ITSI 585 ITS2 288
reads b b b b b b b b
(bp) wp PP (bp) wpy ®P O®p) (®p)  (bp)  (bp)
Asclepiadoideae Vinceloxicum 3,705,022 1,115,211,622 159,533 90,360 24919 19,335 5834 1,807 227 162 243 3,395
paniculatum
Asclepiadoideae Cynanchum 3,956,276 1,190,839,076 159,126 90,341 24,791 19,203 5834 1,807 228 162 242 3,395
nipponicum
Asclepiadoideac Cynanchum 3,957,072 1,191,078,672 161,968 90,553 23,876 23,663 5835 1,807 228 162 243 3,395
ascyrifolium
Apocynoideae Tr‘;‘;}l’zﬁf’;”’;“m 4,913,032 1,478,822,632 155,536 85,831 25,755 18,195 5809 1,808 229 160 220 3,392
Apocynoideae T";ii’;f;ff;’”;“m 4,053,492 1,220,101,092 155,529 85,804 25,765 18,195 5809 1,808 229 160 220 3,392
Apocynoideae T"chi’zz’csfrfl’”;“m 4,162,844 1,253,016,044 155,496 85,793 25754 18,195 5809 1,808 229 160 220 3,392
Apocynoideae  Nerium oleander -1~ 4,138,288  1,245,624,688 154,860 85473 25626 18,135 5825 1,807 232 160 234 3392
Rauvolfioideac  Amsonia elliptica 4,480,608 1,348,663,008 154,225 85367 25,710 17,438 5833 1,808 231 160 242 3392
Rauvolfioideae Vinca major -1 3,544,728 1,066,963,128 153,523 85,557 25,124 17,718 5852 1,809 243 160 250 3,390
b oy



Table 2. The number of SNPs and InDels between newly assembled plastomes.

Vincetoxicum  Cynanchum  Cynanchum Trachelospermum Trachelospermum Trachelospermum Amsonia

paniculatum  nipponicum  ascyrifolium asiaticum -1 asiaticum -2 asiaticum -3 Nerium oleander -1 elliptica Vinca major -1
Vincetoxicum 90 93 701 701 702 695 874 955
paniculatum
Cynanchum
; . 168 110 703 703 702 697 877 955
nipponicum
Cynanchum
P 237 764 741 741 741 732 911 980
ascyrifolium
Trachelospermum
. 6202 6225 6308 4 3 410 658 716
asiaticum -1
Trachelospermum
. 6204 6227 6310 0 4 411 658 714
asiaticum -2
Trachelospermum
. 6208 6250 6333 1 5 410 659 716
asiaticum -3
Nerium oleander -1 6120 6079 6183 2925 2917 2928 632 684
Amsonia elliptica 7896 7865 7942 4999 4995 5008 4224 714
Vinca major -1 9019 9041 9091 6177 6184 6182 5451 5031

Note: The lower triangle shows the total nucleotide substitutions, while the upper triangle indicates the number of InDels.
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Figure 1. Newly assembled plastomes and 45S nrDNA sequences and their phylogeny. (a)
Plastome of nine Apocynaceae plants. (b) 45S ntDNA sequences of nine Apocynaceae plants.
(c) Phylogenetic trees of nine plastomes (left) and 45S nrtDNA sequences (right).
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Retrieval and functional annotation of coding sequences of collected
plastomes

Out of 18,012 possible coding sequences of 79 genes and 228 plastomes
collected, 361 coding sequences were erroneous (Fig. 2). Out of the 361 coding
sequences, 212 coding sequences contained undetermined nucleotides (N) or were
truncated with unfinished assembly. Another 147 coding sequences were
pseudogenes which contains early termination or critical truncation. The other two
coding sequences were completely not found in the plastomes.

Four gene structures were annotated as pseudogenes. Many Asclepias species
have pseudogenized clpP. Hoya liangii, Hoya pottsii, Eustegia minuta and
Pachypodium baronii have pseudogenized ndh genes. Also, two Hoya species have

pseudogenized accD and ycf genes.

Phylogenetic analysis

A maximum-likelihood phylogenetic tree based on coding sequences was
constructed (Fig. 3). The three major subfamilies, Rauvolfioideae, Apocynoideae
and Asclepiadoideae, are finely grouped. Secamone afzelii, the only collected
accession in Secamonoideae, is located right before the divergence of
Asclepiadoideae. However, Periplocoideae stands inside Apocynoideae, and two
accessions of Rauvolfioideae, Prestonia portobellensis and Amphineurion
marginatum, are also located within Apocynoideae. Overall, the topology of the
phylogenetic tree follows the conventional taxonomical system, but some species,
Periplocoideae species and two Rauvolfioideae species, are positioned in different

groups.
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Figure 3. A maximum-likelihood phylogenetic tree based on plastomes of Apocynaceae
plants. Subfamilies in which each species belongs are denoted as blue, yellow and orange
colors for Asclepiadoideac, Apocynoideac and Rauvolfioideae,
Rauvolfioideae species and subfamily Periplocoideae are positioned within Apocynoideae

cluster.
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Subfamily-unique structural evolution of plastomes

Comparative analysis of complete plastomes based on a phylogenetic tree order
do not show dramatic structural variation. However, a plastome size increase was
identified in H. carnosa, which turned out to be the IR expansion due to partial
duplication of SSC regions (Rodda et al., 2021). Also, a large insertion is discovered
at a point when Asclepiadoideae diverged from Apocynoideae (Fig. 4). This insertion
is approximately 4.6 kb in length and is reported as an intracellular gene transfer
region from mitochondrial DNA sequences (plastid DNA derived from
mitochondrial genome: PtMt) (Straub et al., 2013). The inserted PtMt is well
conserved in most Asclepiadoideae species except for shrinkage of the region of 4.
syriaca. Therefore, it is assumed that the wvariation occurred when the

Asclepiadoideae subfamily diverged from two other subfamilies.

Calculation and visualization of Ka/Ks values and selection of genes

The synonymous mutation rate and non-synonymous mutation rate of each gene
were calculated, and the results were visualized into density plots to search positively
selected genes. The results of the intra-subfamily comparison and inter-subfamily
comparison were indicated in blue and yellow polygons, respectively (Fig. Sa).
Judging from the intra-subfamily mutation rate is higher than the inter-subfamily
mutation rate, I considered the calculated values reliable. When inter-subfamily
values were divided by categories based on the function of genes, values of
photosystem and NADH dehydrogenase categories, which involve in photosynthesis
and respiration, are relatively low, and values of ribosomal protein, clpP and matK
categories are relatively high (Fig. 5b). Among genes in the photosystem I category,

in which most of the members have low variations, psal shows extraordinarily highI 3
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variations (Fig. 5c). Also, among genes in the ribosomal protein short subunit
category, rps7 shows clear and concentrated Ka/Ks ratios (Fig. 5d). Thus, these two
genes are assumed to be positively selected in the divergence progress of
Asclepiadoideae and the two other subfamilies. This tendency is also observed on
the boxplot and grouped bar plot. On the boxplot, psal, rps7, clpP and psbT have
their quartiles exceeding 1 (Fig. 6). On the grouped bar plot, only psal and rps7

exceed 1 (Fig. 7).

Structural comparative analysis of genes

Structures of psal and rps7 were observed by comparing the sequences of all
accessions. In psal, a deletion event of 9 bp length and substitution event of four
amino acids are detected between Asclepiadoideae and the other two subfamilies
(Fig. 8a). The deletion event occurred on the region next to the start codon and did
not cause a frameshift. Since this region is not homologous with the mitochondrial
genome, it is assumed that intracellular gene transfer events do not have a correlation
with the deletion event. Also, since there are no repeat regions neighboring this
region, and the neighboring intergenic regions are well conserved (Fig. 9), the
deletion is not likely to have occurred by slipped strand mispairing.

The coding sequence of rps7 is well conserved, but Asclepiadoideae has
relatively more amino acid substitutions while the other two subfamilies are similar
to each other (Fig. 8b). Rps7 of Asclepiadoideae has 4 — 7 subsutitutions compared
with Apocynoideae and Rauvolfioideae. There are two substitutions in Rps7 between

Apocynoideae and Rauvolfioideae.
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Figure 4. Synteny visualization among 30 complete plastomes in Apocynaceae and two
outgroup species. The red circle indicates approximately 4.6 kbp insertion caused by
intracellular gene transfer event. The red arrow mark indicates IR expansion of H. carnosa.
Subfamily names are denoted as different color boxes, blue, yellow, and orange for
Asclepiadoideae, Apocynoideae, and Rauvolfioideae, respectively.
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Figure 5. Density plots of Ka/Ks values generated by dN/dS calculation. (a) Overlayed
density plots of inter-subfamily and intra-subfamily Ka/Ks values. (b) Overlayed density
plots of Ka/Ks values in twelve gene categories. (c) Overlayed density plots of Ka/Ks values
in photosystem I gene category. The red circle indicates the values of psal. (d) Overlayed
density plots of Ka/Ks values in ribosomal proteins — short subunits gene category. The red
circle indicates the values of rps7.
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Figure 8. Structural variations of amino acid sequences of Psal and Rps7 accumulated through divergence of subfamilies. Subfamilies were denoted as different
colors in each model boxes, blue, yellow and orange for Asclepiadoideae, Apocynoideae and Rauvolfioideae, respectively.
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Divergence time estimation and evolutionary analysis

As a result of divergence time estimation using coding sequences of 228
accessions, including an outgroup of four accessions, Rauvolfioideae and
Asclepiadoideae are estimated to have diverged from its most recent common
ancestor 71.5 and 33.1 MYA, respectively (Fig. 10). The ESS values of major
parameters are over 100. The time points approximately accord to Cretaceous—
Paleogene (K-Pg) extinction event and Eocene—Oligocene (E-Og) extinction event.

As a result of investigating karyotype and morphological traits of these
accessions by literature studies, herbaceous and woody species are prevalent in
Asclepiadoideae and Rauvolfioideae, respectively, and Apocynoideae does not show
a one-sided tendency. Also, most Asclepiadoideae species have 11 pairs of
chromosomes, while Apocynoideae and Rauvolfioideae species have various
numbers of chromosomes. Furthermore, Rauvolfioideae included some polyploid

species.
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Figure 10. A MCMC tree of Apocynaceae with divergence time estimation. The blue bars
overlapping nodes indicate 95% HPD of heights. The two red stars indicate the K-Pg event

and the E-Og event, respectively. Subfamily names

in which each species belongs are denoted

as blue, yellow, and orange boxes for Asclepiadoideae, Apocynoideae and Rauvolfioideae,
respectively, on right side of each species. Two morphological traits, woodiness and flower
type, and ploidy levels are indicated as different color boxes in each block, yellow, blue and
red, respectively, on the right. The yellow, dark yellow and white boxes indicate herb, woody
and unknown plant types, respectively. The blue, dark blue and white boxes indicate naked,

buried and unknown flowering types, respectively.
boxes and polyploids are denoted as red boxes.
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Discussion

Diverse pseudogenization events in several species

In this study, c/pP shows high level of polymorphisms including substitutions,
elongation and insertion-deletion, especially on exon 3. Pseudogenization of c/pP
detected in most Asclepias species is reported to be caused by 28-bp insertion near
the end of exon 3 (Straub et al., 2011). However, additional studies are required to
validate whether the 28-bp insertion caused the pseudogenization of the c/pP gene
since it is inferred with sequence variations but was not proved for actual function.
For example, clpP of Asclepias albicans (JN710458) is annotated as pseudogene
although it does not have the 28-bp insertion. On the other hand, c/pP of
Gomphocarpus fruticosus subsp. fruticosus (MG678833) is not annotated as
pseudogene although it has the 28-bp insertion.

Pseudogenization of genes in the NADH dehydrogenase category are identified
in two Hoya species, tropical epiphyte, and E. minuta and P. baronii, native to dry
regions (Fig. 2). Those species chronically inhabit the environment with insufficient
water supply. Pseudogenization of accD, ycfl and genes in the NADH
dehydrogenase category is a general feature for plants with desiccation tolerance (Xu
et al. 2018). Thus, the pseudogenization of genes in the NADH dehydrogenase
category found in some Apocynaceae species is thought to be individual events that
occurred through speciation progress for adaptation to a diverse environment such

as surface of stems of woods or dry regions with limited water supply.

B
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Taxonomical mispositioning of three species

As a result of maximume-likelihood phylogenetic analysis with 228 plastomes,
most species of Apocynaceae are classified in accordance with the conventional
taxonomical system. However, three species are positioned in clades which differ
with the original subfamily group (Fig. 3). Two Rauvolfioideae species, 4.
marginatum and P. portobellensis, are positioned within Apocynoideae group in this
study. Also, another species belonged in Periplocoideae subfamily was grouped
inside Apocynoideae submaily. Since these mismatches were also observed in other
studies (Del Rio et al. 2020), the taxonomical mis-positioning should be considered
and examined. The reason for these mismatches could be misclassification by
traditional plant classification methods or limitation of plastomes due to their
uniparental inheritance. Further studies will be necessary to clarify the taxonomical

position of these plant species.

The estimated divergence time of Apocynaceae and geological
interpretation

As a result of divergence time estimation by MCMC tree analysis, the
divergence time of Apocynaceae was estimated to be 71.5 MYA, and a subfamily,
Asclepiadoideae, is estimated to diverge from the others 33.1 MYA (Fig. 10). Many
discussions about the divergence time of Apocynaceae are still underway (Magallon
et al., 2015; Neupane et al., 2017; Del Rio et al., 2020). However, judging from the
analysis method that combined in silico plastome data with physical fossil evidence
achieved fine parameter scores, it is reasonable to estimate the divergence time of

Apocynaceae to 71.5 MYA.
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During the K-Pg event, a mass extinction happened in a brief period when a
massive meteorite collided on the Yucatan Peninsula in the Gulf of Mexico, creating
a Chixulub crater with a diameter of more than 150 km (Hildebrant ef al. 1991). As
a result, more than 70% of all animal and plant species on Earth have been extinct,
including dinosaurs (Jablonski, 1994). The botanical phase of the forest, composed
of coniferous trees, was turned into a broad-leaved forest during this time (Carvalho
et al. 2021), and shrubs and herbaceous plants thrived considerably (Levin et al.
2018).

Also, it is known that many whole-genome duplication events are concentrated
close to the K-Pg boundary (Levin et al. 2018). Therefore, it is assumed that
subfamilies that diverged around the K-Pg event, including Rauvolfioideae,
underwent more whole-genome duplication events compared to other subfamilies.
This hypothesis corresponds to the result of literature studies for karyotype, in which

most polyploid species belong to Rauvolfioideae.

Genomic trace of Asclepiadoideae evolution

Asclepiadoidae is estimated to have diverged 33.1 MYA when a drastic
temperature decrease occurred at the end of the Eocene, which is known as the last
major extinction event (Ivany ef al. 2000). The warm climate of the Paleocene, when
the surface temperature of the polar region was close to 15 °C, abruptly cooled to a
level similar to that of the Holocene, current geological epoch (Bruke et al. 2018.),
and tropical rainforests, which were once found all over the world, shrank to
equatorial regions, resulting in rapid environmental changes (Buerki ez al. 2013).

All of the plastomes belonged Asclepiadoideae species have 9-bp deletion near

the 5' end of psal gene (Fig. 8a). Although little is known about the functiqln of Psal,
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it is known that Psal is responsible for the stability of photosystem I under high light
and low temperature conditions (Schottler et al. 2017). It is assumed that rapid leaf
senescence, caused by incomplete function of the Psal, during the low temperature
period of late Eocene caused an advantageous effect on dormancy and survival by
senescence mediated by mutation of the psal gene. I assume that the functional
change of the psal gene imposed a positive selection pressure on the divergence of
Asclepiadoideae in which herbaceous species are dominant.

Also, in comparison among the plastome sequences of Apocynaceae, there was
a large insertion of mitochondrial genome fragment (plastid DNA derived from
mitochondrial genome: PtMt) into the rps2 — rpoC2 intergenic region of
Asclepiadoideae (Fig. 4). This insertion event is thought to have happened during
the subfamily divergence phase. The PtMt is 4.6 kbp in length and common in most
of species in the Apocynaceae subfamily. However, considering that the insertion
size is 2.5 kbp in the case of 4. syriaca, the size is thought to be variable by
subsequential deletion of this additional PtMt segment.

A total of six amino acid substitutions were found in the rps7 gene of 224
plastomes. Among the six amino acid changes, four were unique and common in
the Asclepiadoideae species. The mutation might be associated with divergence of
the Asclepiadoideae subfamily with two other subfamilies. However, more research
is required to prove how and what these variations affect for the functional evolution

of this subfamily.

Conclusion

The phylogenetic relationships of the Apocynaceae were re-established using

huge genome data including 224 plastomes in Apocynaceae family. I_l carefully
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calculated their divergence time based on sequence variations and fossil evidence. I
also tried to identify unique structure modification and gene mutation in plastomes
which are possibly involved in subfamily emergence.

Since introduction of next generation sequencing, massive WGS data have
become publicly available. Also, as genome assembly methodologies including
dnalLCW advance, plastome sequence data are being reported in large quantity. Now,
it is necessary to consider how this massive data would be used in an efficient way.
In this study, I draw a novel conclusion by integrating previously reported public
plastome sequence data, which is difficult to achieve with single data. Likewise, the
use of plastome data in macroscopic perspective is necessary.

This study could be valuable to understand evolution of the diverse plant

species in Apocynaceae family which adapted in global climates and environments.
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Supplementary data

Table S1. The list of 219 plastomes collected from NCBI genbank database.

Subfamily Name Accession no.
Asclepiadoideae Asclepias syriaca -1 JF433943
Asclepiadoideae Asclepias syriaca -2 NC_022432
Asclepiadoideae Asclepias quadrifolia MG678890
Asclepiadoideae Asclepias rubra MG678827
Asclepiadoideae Asclepias michauxii MG678878
Asclepiadoideae Asclepias tuberosa subsp. interior MG678831
Asclepiadoideae Asclepias tuberosa subsp. rolfsii MG678904
Asclepiadoideae Asclepias tuberosa subsp. tuberosa MG678905
Asclepiadoideae Asclepias exaltata MG678854
Asclepiadoideae Asclepias lanuginosa MG678818
Asclepiadoideae Asclepias amplexicaulis MG678807
Asclepiadoideae Asclepias obovata MG678824
Asclepiadoideae Asclepias hirtella MG678815
Asclepiadoideae Asclepias lanceolata MG678817
Asclepiadoideae Asclepias longifolia MG678820
Asclepiadoideae Asclepias purpurascens MG678889
Asclepiadoideae Asclepias variegata MG678907
Asclepiadoideae Asclepias speciosa MG678899
Asclepiadoideae Asclepias ovalifolia MG678825
Asclepiadoideae Asclepias eastwoodiana MG678811
Asclepiadoideae Asclepias sanjuanensis MG678893
Asclepiadoideae Asclepias uncialis MG678906
Asclepiadoideae Asclepias asperula subsp. asperula MG678808
Asclepiadoideae Asclepias asperula subsp. capricornu MG678840
Asclepiadoideae Asclepias viridis MG678832
Asclepiadoideae Asclepias involucrata MG678865
Asclepiadoideae Asclepias macrosperma MG678872
Asclepiadoideae Asclepias labriformis MG678867
Asclepiadoideae Asclepias welshii MG678911
Asclepiadoideae Asclepias connivens MG678809
Asclepiadoideae Asclepias arenaria MG678839
Asclepiadoideae Asclepias latifolia MG678868
Asclepiadoideae Asclepias stenophylla MG678829
Asclepiadoideae Asclepias engelmanniana MG678852
Asclepiadoideae Asclepias sullivantii MG678830
Asclepiadoideae Asclepias viridiflora MG678909
Asclepiadoideae Asclepias emoryi MG678813
Asclepiadoideae Asclepias oenotheroides MG678881
Asclepiadoideae Asclepias nyctaginifolia MG678823
Asclepiadoideae Asclepias prostrata MG678888
Asclepiadoideae Asclepias erosa MG678814
Asclepiadoideae Asclepias hallii MG678860
Asclepiadoideae Asclepias tomentosa MG678903
Asclepiadoideae Asclepias aff. glaucescens ShS-2018 MG678805
Asclepiadoideae Asclepias elata MG678812
Asclepiadoideae Asclepias macroura MG678821
Asclepiadoideae Asclepias glaucescens MG678859
Asclepiadoideae Asclepias lynchiana MG678871
Asclepiadoideae Asclepias eriocarpa MG678853
Asclepiadoideae Asclepias solanoana MG678897
Asclepiadoideae Asclepias curtissii MG678810
Asclepiadoideae Asclepias feayi MG678855
Asclepiadoideae Asclepias alticola MG678806
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Asclepiadoideae
Asclepiadoideae
Asclepiadoideae
Asclepiadoideae
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Asclepiadoideae
Asclepiadoideae
Asclepiadoideae
Asclepiadoideae
Asclepiadoideae
Asclepiadoideae
Asclepiadoideae
Asclepiadoideae
Asclepiadoideae
Asclepiadoideae
Asclepiadoideae
Asclepiadoideae
Asclepiadoideae
Asclepiadoideae
Asclepiadoideae
Asclepiadoideae
Asclepiadoideae
Asclepiadoideae
Asclepiadoideae
Asclepiadoideae
Asclepiadoideae
Asclepiadoideae
Asclepiadoideae
Asclepiadoideae
Asclepiadoideae
Asclepiadoideae
Asclepiadoideae
Asclepiadoideae
Asclepiadoideae
Asclepiadoideae
Asclepiadoideae
Asclepiadoideae
Asclepiadoideae
Asclepiadoideae
Asclepiadoideae
Asclepiadoideae
Asclepiadoideae
Asclepiadoideae
Asclepiadoideae
Asclepiadoideae
Asclepiadoideae
Asclepiadoideae
Asclepiadoideae
Asclepiadoideae
Asclepiadoideae
Asclepiadoideae
Asclepiadoideae
Asclepiadoideae
Asclepiadoideae
Asclepiadoideae
Asclepiadoideae
Asclepiadoideae
Asclepiadoideae
Asclepiadoideae

Asclepias auriculata

Asclepias otarioides

Asclepias jaliscana

Asclepias nummularia

Asclepias brachystephana
Asclepias aff. notha ShS-2018
Asclepias aff. pringlei ShS-2018 -1
Asclepias aff. pringlei ShS-2018 -2
Asclepias jorgeana

Asclepias ovata

Asclepias pellucida

Asclepias scheryi

Asclepias similis

Asclepias virletii

Asclepias pringlei

Asclepias aff. puberula ShS-2018
Asclepias atroviolacea

Asclepias lemmonii

Asclepias hypoleuca

Asclepias quinquedentata
Asclepias senecionifolia

Asclepias schaffneri

Asclepias melantha

Asclepias circinalis

Asclepias fournieri

Asclepias zanthodacryon

Asclepias californica subsp. californica
Asclepias vestita subsp. parishii
Asclepias scaposa

Asclepias cryptoceras subsp. cryptoceras
Asclepias cryptoceras subsp. davisii
Asclepias humistrata

Asclepias notha

Asclepias cordifolia

Asclepias linaria

Asclepias pratensis

Asclepias aff. aequicornu ShS-2018
Asclepias boliviensis

Asclepias mellodora var. mellodora
Asclepias pilgeriana

Asclepias curassavica

Asclepias nivea -1

Asclepias nivea -2

Asclepias angustifolia

Asclepias woodsoniana

Asclepias incarnata subsp. incarnata
Asclepias incarnata subsp. pulchra
Asclepias subverticillata

Asclepias mexicana

Asclepias perennis

Asclepias gentryi

Asclepias albicans -1

Asclepias albicans -2

Asclepias albicans x Asclepias subulata
Asclepias masonii -1

Asclepias masonii -2

Asclepias subaphylla -1

Asclepias subaphylla -2

Asclepias subaphylla -3

Asclepias subulata -1

MG678842
MG678882
MG678816
MG678822
MG678844
MG678898
MG678836
MG678837
MG678866
MG678883
MG678884
MG678895
MG678896
MG678910
MG678887
MG678826
MG678841
MG678869
MG678862
MG678891
MG678892
MG678894
MG678875
MG678846
MG678857
MG678913
MG678845
MG678908
MG678828
MG678849
MG678850
MG678861
MG678880
MG678848
MG678819
MG678886
MG678835
MG678843
MG678876
MG678856
MG678851
MG678879
NC_022431
MG678838
MG678912
MG678863
MG678864
MG678902
MG678877
MG678885
MG678858
JN710457
JN710458
JN710470
JN710465
MG678874
JN710467
MG678900
JN710466
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Asclepiadoideae
Asclepiadoideae
Asclepiadoideae
Asclepiadoideae
Asclepiadoideae
Asclepiadoideae
Asclepiadoideae
Asclepiadoideae
Asclepiadoideae
Asclepiadoideae
Asclepiadoideae
Asclepiadoideae
Asclepiadoideae
Asclepiadoideae
Asclepiadoideae
Asclepiadoideae
Asclepiadoideae
Asclepiadoideae
Asclepiadoideae
Asclepiadoideae
Asclepiadoideae
Asclepiadoideae
Asclepiadoideae
Asclepiadoideae
Asclepiadoideae
Asclepiadoideae
Asclepiadoideae
Asclepiadoideae
Asclepiadoideae
Asclepiadoideae
Asclepiadoideae
Asclepiadoideae
Asclepiadoideae
Asclepiadoideae
Asclepiadoideae
Asclepiadoideae
Asclepiadoideae
Asclepiadoideae
Asclepiadoideae
Asclepiadoideae
Apocynoideae
Apocynoideae
Apocynoideae
Apocynoideae
Apocynoideae
Apocynoideae
Apocynoideae
Apocynoideae
Apocynoideae
Apocynoideae
Apocynoideae
Apocynoideae
Apocynoideae
Apocynoideae
Apocynoideae
Apocynoideae
Apocynoideae
Apocynoideae
Apocynoideae
Apocynoideae

Asclepias subulata -2
Asclepias subulata -3
Asclepias leptopus -1
Asclepias leptopus -2
Asclepias cutleri -1
Asclepias cutleri -2
Asclepias coulteri -1
Asclepias coulteri -2
Asclepias macrotis

Gomphocarpus fruticosus subsp. fruticosus

Gomphocarpus physocarpus
Calotropis procera -1
Calotropis procera -2
Calotropis gigantea
Pergularia daemia
Vincetoxicum rossicum
Biondia insignis
Vincetoxicum shaanxiense
Cynanchum auriculatum -1
Cynanchum auriculatum -2
Cynanchum wilfordii -1
Cynanchum wilfordii -2
Araujia sericifera
Tassadia propinqua
Matelea biflora
Metastelma northropiae
Orthosia scoparia
Diplolepis geminiflora
Astephanus triflorus
Eustegia minuta
Marsdenia astephanoides
Gymnema sylvestre
Telosma cordata

Dischidia albida

Hoya liangii

Hoya carnosa

Hoya pottsii

Sisyranthus trichostomus
Stapelia gigantea
Orthanthera albida
Oncinotis tenuiloba
Trachelospermum asiaticum -4
Trachelospermum jasminoides
Aganosma cymosa
Epigynum auritum
Streptoechites chinensis
Apocynum cannabinum
Apocynum venetum
Beaumontia murtonii
Rhabdadenia biflora
Echites umbellatus
Macropharynx renteriae
Macropharynx peltata
Thyrsanthella difformis
Mesechites trifidus
Odontadenia perrottetii
Secondatia densiflora
Stipecoma peltigera
Pentalinon luteum

Nerium oleander -2

IN710469
MG678901
IN710462
MG678870
IN710460
IN710461
IN710459
MG678847
MG678873
MG678833
MG678834
MG678914
NC_041440
NC_041431
MG678915
KF539854
NC_042760
NC_046785
KU900231
NC_029460
KX352467
NC_029459
KF539846
MG963257
KF539850
MG963262
KF539851
MG963258
KF539847
KF539848
KF539849
NC_047175
KF539853
MG963260
NC_042245
NC_045868
NC_042246
KF539852
MG963259
MG963261
NC_025657
MG963252
MK783315
KJ953903
KJ953905
MG963239
MG963229
MT313688
MG963251
KJ953911
NC_025655
MG963226
MG963236
MG963254
MG963230
MG963241
MG963242
MG963244
NC_025658
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Apocynoideae Alafia barteri MG963238
Apocynoideae Neobracea bahamensis KJ953906
Apocynoideae Pachypodium baronii MG963235
Apocynoideae Malouetia tamaquarina MG963225
Apocynoideae Mandevilla x amabilis MG963256
Apocynoideae Wrightia natalensis KJ953913
Rauvolfioideae Amphineurion marginatum MG963253
Rauvolfioideae Prestonia portobellensis MG963237
Rauvolfioideae Carissa macrocarpa NC_033354
Rauvolfioideae Plumeria cubensis MG963231
Rauvolfioideae Plumeria rubra NC_046018
Rauvolfioideae Allamanda schottii MG963232
Rauvolfioideae Thevetia peruviana MG963240
Rauvolfioideae Skytanthus acutus MG963271
Rauvolfioideae Rhazya stricta -1 KJ123753
Rauvolfioideae Rhazya stricta -2 NC_024292
Rauvolfioideae Diplorhynchus condylocarpon MG963250
Rauvolfioideae Lepiniopsis trilocularis MG963266
Rauvolfioideae Plectaneia stenophylla MG963270
Rauvolfioideae Craspidospermum verticillatum MG963267
Rauvolfioideae Melodinus cambodiensis MG963268
Rauvolfioideae Vinca major -2 MG963228
Rauvolfioideae Tonduzia stenophylla MG963272
Rauvolfioideae Catharanthus roseus NC_021423
Rauvolfioideae Rauvolfia serpentina NC_047244
Rauvolfioideae Laxoplumeria baehniana MG963255
Rauvolfioideae Hancornia speciosa MG049918
Rauvolfioideae Lacmellea panamensis MG963264
Rauvolfioideae Landolphia dawei MG963265
Rauvolfioideae Willughbeia edulis MG963269
Rauvolfioideae Kopsia rosea MG963245
Rauvolfioideae Pycnobotrya nitida MG963227
Rauvolfioideae Leuconotis anceps MG963233
Rauvolfioideae Ambelania acida MG963234
Rauvolfioideae Dyera costulata MG963246
Rauvolfioideae Alstonia scholaris MG963247
Rauvolfioideae Aspidosperma cruentum MG963248
Rauvolfioideae Strempeliopsis strempelioides MG963249
Secamonoideae Secamone afzelii KF539845
Periplocoideae Periploca sepium -1 KJ953910
Periplocoideae Periploca sepium -2 MH752592
Periplocoideae Hemidesmus indicus NC_047471
(Gelsemiaceae) Gelsemium sempervirens MG963263
(Rubiaceae) Coffea arabica NC_008535
(Rubiaceae) Coffea canephora NC_030053
(Gentianaceae) Gentiana crassicaulis NC_027442

Note. The name of subfamily of an accession not included in Apocynaceae is
indicated as the name of its family in parentheses. The duplicate scientific names are
distinguished with numbers.
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Table S2. The list of nine Korean domestic plants of Apocynaceae.

Subfamily

Name

Source

Accession no.

Medicinal Herb

Asclepiadoideae  Vincetoxicum paniculatum 1IM200819-14
Garden
Asclepiadoideae  Cynanchum nipponicum Medicinal Herb 1IM200819-7
Garden
Asclepiadoideae  Cynanchum ascyrifolium Medicinal Herb 1IM200819-9
Garden
Apocynoideae  Trachelospermum asiaticum -1 Medicinal Herb IM200819-10
Garden
Apocynoideae  Trachelospermum asiaticum -2 Medicinal Herb IM200819-11
Garden
Apocynoideae  Trachelospermum asiaticum -3 Jeju-do, Korea  IM200819-15
Apocynoideae  Nerium oleander -1 Medicinal Herb IM200819-8
Garden
Rauvolfioideae ~ Amsonia elliptica Medicinal Herb IM200819-13
Garden
Rauvolfioideae  Vinca major -1 Medicinal Herb IM200819-12
Garden
Note. The duplicate scientific names are distinguished with numbers.
39 ] 2-1]
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