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Abstract

Background Phryma leptostachya L. is a notable example of a species with a disjunct distribution, found in both East
Asia and Eastern North America. Despite the striking morphological similarities between these geographically isolated
populations, molecular evidence suggests that they may have diverged sufficiently to be considered distinct taxa.

Results To clarify this, we analyzed the plastomes of P leptostachya from Korea, Russia, and the USA. Their sizes
ranged from 152,974 to 153,325 bp, each containing 113 genes. Differences were observed in the boundaries
between large single copy (LSC)/IRa and IRb/LSC. In P leptostachya_USA, the rps19 gene extended 30-31 bp into
the IRa, and the rpl2 gene contracted 51-53 bp at the IRa/b compared to those of P leptostachya_Korea and P
leptostachya_Russia, suggesting that expansion of the inverted repeat (IR) region occurred in P, leptostachya_USA.
Regions such as psbZ-trnG, ccsA-ndhD, petA-psbJ, and psbC-trnS were identified as hotspots with sequence differences
in the plastome, indicating differences among P, leptostachya variants. Phylogenetic analysis showed that P
leptostachya from Korea and Russia formed monophyletic groups, while the variety from the USA was paraphyletic.
The divergence of P leptostachya_USA occurred during the Pliocene, about 5.25 million years ago (MYA), whereas
the split between P, leptostachya_Korea and P, leptostachya_Russia is estimated to have occurred approximately 0.87
MYA during the Pleistocene. The results also reveal that the family Phrymaceae underwent multiple dispersal and
vicariance events from North America to East Asia, offering key insights into the phylogenetic relationships between
P leptostachya populations from Korea, Russia, and the USA. Based on the evidence, it is likely that P leptostachya
originated in North America and later migrated to East Asia via the Russian Far East and the Bering Land Bridge.

Conclusions In conclusion, our study demonstrates clear molecular differences among R, leptostachya populations
from various geographic locations, suggesting that these populations should be recognized as distinct species rather
than conspecifics.
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Background

Phryma leptostachya L. is a temperate perennial plant
belonging to the family Phrymaceae [1, 2]. The genus
Phryma was initially classified within Verbenaceae due
to its morphological similarities with other members of
that family [1, 3, 4]. However, it was later reclassified as a
new monotypic family, Phrymaceae, based on its distinc-
tive pseudomonomerous gynoecium, characterized by a
two-carpellate structure with one carpel being develop-
mentally reduced [5, 6]. Subsequent phylogenetic analy-
ses revealed a significant expansion of the family after
the transfer of genera from Scrophulariaceae [7-9]. Cur-
rently, Phrymaceae consists of approximately 14 genera
and 150 species, including Cyrtandromoea, Diplacus,
Erythranthe, Mimulus, and Phryma [9, 10].

Studies on divergence time have predominantly
focused on disjunct taxa in temperate regions, with pre-
vious research conducted on Liriodendron [11], Liquid-
ambar [12], Campsis [13], and Symplocarpus [14]. P
leptostachya is a classic example of the eastern Asia and
eastern North American disjunction pattern. This dis-
junct distribution pattern is commonly observed in the
Northern Hemisphere, reflecting a classic biogeographic
pattern shaped by historical factors such as the Bering
Land Bridge, the North Atlantic Land Bridge, and global
climate changes during the Tertiary and Quaternary peri-
ods [15-18]. Two varieties are traditionally recognized:
var. leptostachya in North America and var. asiatica H.
Hara in eastern Asia [1]. Although these varieties share
highly similar morphological characteristics, they differ
in traits such as calyx tube length and corolla lip shape,
and genetic analysis reveals distinct molecular diver-
gence between them [2]. Research using allozyme data
has shown low genetic identity between them, indicating
a significant period of divergence [19]. Furthermore, both
allozyme data and ITS sequences suggest lineage split-
ting [20]. Despite morphological similarities [2], inter-
continental populations of Phryma exhibit significant
molecular divergence according to molecular data [15].
However, previous studies have been limited to specific
DNA regions, including nuclear ribosomal ITS, chloro-
plast rps16, and truL-F.

The plastome, maternally inherited and characterized
by infrequent recombination and a slower mutation rate
compared to the nuclear genome, serves as a valuable
tool in evolutionary biology research for reconstruct-
ing relationships between plants [21, 22]. Advances in
sequencing technologies have facilitated more accurate
biogeographic mapping and improved the usefulness of
the plastome, which is highly conserved among plant

species [23-25]. Two plastomes of Phryma leptostachya
(subsp. asiatica), a species within the Phrymaceae,
are available in the NCBI database: NC_042727.1 and
MT948145.1. These plastomes are extensively utilized for
phylogenetic and biogeographic analyses, providing criti-
cal insights into the evolutionary history of angiosperms
[26-33]. Using the plastome rather than specific DNA
fragments may provide a more comprehensive under-
standing of the molecular systematics of Phryma, thereby
enhancing our understanding of its evolutionary history,
taxonomic relationships, and species distribution evolu-
tion [34, 35].

P, leptostachya is a discontinuously distributed inter-
continental species, with populations in East Asia and
North America recognized as either a single species or
distinct taxa, depending on interpretation. Previous stud-
ies have recognized P. leptostachya as comprising two
varieties; however, these studies have not sufficiently
resolved this taxonomic issue. In this study, we used
plastomes instead of partial sequences and included
samples from East Asia, North America, and the Russian
Far East. The primary goal of our study was to investi-
gate geographically distinct P. leptostachya and conduct
a high-resolution analysis of intercontinental migration
patterns. To achieve this, we (1) sequenced and com-
pared the plastomes collected from Korea, the Russian
Far East, and the USA to identify genomic differences;
(2) performed phylogenetic analyses, estimated diver-
gence times, and inferred evolutionary relationships; and
(3) reconstructed the biogeographic history of Phryma
to confirm and elucidate intercontinental migration
patterns.

Methods

Plant materials

Fresh samples of Phryma leptostachya were collected
directly from Gayasan Mt., Hapcheon-gun, Gyeongsang-
nam-do, South Korea (KHUM20140008: 35.800323°N,
128.098229°E) by H.K. Moon. Additionally, samples from
Vladivostok, Primorsky Krai, Russia (KHUJ20140001:
43.177034°N, 131.946176°E), and Athens County, Ohio,
USA (KHUC20141453: 39.344397°N, 82.087248°W)
were kindly provided by collaborators. These voucher
specimens were deposited in the herbarium of Kyung
Hee University. For barcoding analysis, dried samples
were obtained from herbarium specimens at the Meise
Botanic Garden in Belgium (BR), the National Institute
of Biological Resources in South Korea (KB), and the
Naturalis Biodiversity Center in the Netherlands (L), with
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appropriate permissions. The detailed collection infor-
mation is listed in Tables S1 and S2.

Genome sequencing, assembly, and annotation

The total DNA of P. leptostachya was extracted using a
modified cetyltrimethylammonium bromide method
[36]. After evaluating and confirming the quality of the
DNA samples, we prepared genome libraries using the
TruSeq Nano DNA Kit (Illumina, San Diego, CA, USA)
according to the manufacturer’s protocol. Sequencing
was then performed on the MiSeq platform to gener-
ate 22—24 Gb of paired-end reads. To improve the data
quality, we used Trimmomatic version 0.39 with Phred33
encoding [37]. To optimize read quality, we applied
options for adapter removal, low-quality base trimming,
sliding window trimming, and removal of reads shorter
than 36 bases. Clean reads were assembled using the
GetOrganelle program [38] with the reference sequence
for P leptostachya subsp. asiatica (MT948145.1; P. lep-
tostachya_Korea2). To determine the initial position
and orientation of the plastome assembly sequence, as
well as the boundaries between regions, a self-blast was
performed. The plastomes of P. leptostachya were anno-
tated using the GeSeq tool [39] to predict protein-cod-
ing sequences (CDSs), tRNA, and rRNA genes. Final
manual corrections were performed using Geneious
software [40]. Subsequently, the accuracy of the assem-
bled plastomes was verified by mapping the plastome
data from P. leptostachya to their respective assembled
sequences using Burrows-Wheeler Aligner (BWA) [41]
and Sequence Alignment/Map (SAM) tools [42]. Cir-
cular genome maps were generated using OGDRAW
[43]. The complete plastome sequences and annota-
tions of P leptostachya were submitted to GenBank
(PQ443460-PQ443462).

Codon usage and comparative analysis

Relative Synonymous Codon Usage (RSCU) represents
the ratio of observed codon usage frequency to the
expected unbiased frequency, indicating codon prefer-
ence. An RSCU<1.00 signifies a lower frequency, while
RSCU>1.00 indicates a higher frequency. We analyzed
the RSCU and GC content using MEGA11 software [44]
and visualized codon usage patterns using Heatmapper
[45]. Sequence and structural differences in the plastomes
were visualized using the Shuffle-LAGAN mode of the
mVISTA program [46], with P leptostachya_Koreal as
the reference genome. To calculate nucleotide diver-
sity, sequences of P leptostachya_Koreal were aligned
with those from Korea2, Russia, and the USA separately
using Geneious software [40]. Subsequently, CDS were
extracted, and nucleotide diversity was calculated using
DnaSP version 6 [47].
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Repeat analysis

Simple Sequence Repeats (SSRs) were identified using
MISA software [48] with the following parameters: 10
mononucleotides, 5 dinucleotides, 4 trinucleotides, 3 tet-
ranucleotides, 3 pentanucleotides, and 3 hexanucleotides.
REPuter software [49] was used to detect repeats with
a minimum length of 30 bp, a repeat identity of at least
90%, and a Hamming distance of 3. The repeats were cat-
egorized as forward (F), reverse (R), palindromic (P), and
complementary (C). For tandem repeat analysis, we used
the Tandem Repeats Finder [50], with a minimum align-
ment score of 50 and a maximum period size of 500. The
alignment parameters were set as follows: a match score
of 2, a mismatch penalty of 7, and an indel penalty of 7.
Additionally, we considered only repeats with an identity
of 90% or greater.

Selective pressure analysis

The dN/dS ratio (v =dN/dS) of protein CDSs was calcu-
lated using PAML package v.4.9 [51], with reference to
Erythranthe dentiloba. An »>1 indicates positive selec-
tion, w=1 indicates neutral evolution, and w<1 indi-
cates purifying selection. The yn00 module was selected
to estimate nonsynonymous substitution rate (dN) and
synonymous substitution rate (dS) using the following
parameters: ‘verbose=0, icode=0, weighting=0, com-
monf3x4=0, ndata=1! Subsequently, boxplots were
generated using R software to visualize the results.

Phylogenetic analysis

We downloaded the plastomes of 17 species, including
outgroups (NC_037506.1, Lancea hirsuta; NC_037693.1,
L. tibetica; NC_056337.1, Dodartia orientalis), from
NCBI based on the APG IV system [52] (Table S3). We
then used MAFFT version 7.388 to align their positions
[53], and 78 CDS were extracted in alphabetical order
using Geneious software [40]. To enhance alignment
accuracy, ambiguously aligned regions and gaps were
identified and removed using GBlock version 5 [54].
After refining the alignment, we selected the optimal
model for the aligned sequences using the Akaike Infor-
mation Criterion provided by JModelTest version 2.1.10
[55], as detailed in Table S4. The GTR +1+ G model was
selected for phylogenetic analysis. Maximum likelihood
(ML) trees were constructed using 1,000 bootstrap rep-
lications performed using MEGA 11 [44]. For the Bayes-
ian Inference (BI) analysis, we used MrBayes version
3.2.2 [56] included in Geneious software [40] to obtain
a robust tree. A GTR model with four gamma categories
was set, and the MCMC method was run for 5,000,000
generations. The tree was sampled at intervals of 5,000
generations, with the initial 25% of the samples discarded
as burn-ins.
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Divergence time estimation

Divergence time was estimated using BEAST version
2.7.6 [57] with 78 protein-coding genes (PCGs) from 20
plants. A GTR replacement model was designed with
gamma distributions across four ratio categories and esti-
mated using a Yule Prior. For divergence time analysis,
two calibration points were established: (1) Lamiales seg-
mentation at 85.12—-89.91 million years ago (MYA) and
(2) Phrymaceae segmentation at 27.86-52.53 MYA [15].
MCMC chains were run for 50 million generations, and
sampled every 10,000 generations. The effective sample
size (ESS) was evaluated using Tracer version 1.7.2 [58],
with all parameters having ESS values greater than 200,
indicating sufficient sampling. The first 10% of trees were
discarded as burn-ins, and maximum clade credibility
trees were generated using TreeAnnotator version 2.7.6
[57]. These were visualized using Figtree version 1.4 [59],
and the results were determined using the mean height
and 95% high posterior densities (HPDs).

Reconstructing ancestral states

Biogeographic data for the Phrymaceae, Paulownia-
ceae, and Mazaceae outgroup species used in this study
were obtained from the World Online database (https:/
/powo.science.kew.org) and previously published papers
[60-65]. Statistical dispersal variance analysis (S-DIVA)
was implemented to infer the ancestry distribution using
RASP version 4.4 software [66]. BEAST and consensus
trees constructed from a dataset consisting of 78 PCGs
were used as the input data.

Haplotype network analysis

To further investigate the intercontinental differences, we
used the general-purpose DNA barcodes ITS2 and matK
for 21 P leptostachya samples. MatK was redesigned
using Primer3Plus [67]. DNA extracted from 21 samples
was amplified via PCR using 10 ng of template DNA. The
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PCR reaction was carried out using a 20 pL mixture con-
taining 10 pmol of primer in a PCR system. Amplification
parameters were as follows: initial denaturation at 95 °C
for 2 min; 35 cycles at 95 °C for 50 s, 58 °C for 50 s, and
72 °C for 50 s; final extension at 72 °C for 5 min. The PCR
products were separated on a 2% agarose gel at 150 V for
40 min. The germplasms of the 21 P, leptostachya samples
are listed in Table S2, and the primer sequences are pro-
vided in Table S5.

The ITS2 and matK sequences were used for haplotype
analyses (Fig. S1). Based on the aligned sequences, a hap-
lotype data file was generated using DnaSP version 6 [47].
Sequence sets were assigned as follows: (A) East Asia, (B)
North America, and (C) the Russian Far East. The hap-
lotype network was constructed and plotted using the
median joining method in Popart version 1.7 [68].

Results

Characterization of Phryma leptostachya plastome

The plastomes of P, leptostachya were analyzed to gener-
ate 22-24 Gb of data (Tables S6 and S7). P. leptostachya_
Koreal, P. leptostachya_Russia, and P. leptostachya_USA
had coverages of 3,349 x, 1,241 x, and 2,771 x, respec-
tively (Table S8). Read mapping of the plastome datasets
to each genome revealed that all were of high quality (Fig.
S2). The assembled plastomes of P leptostachya had a
typical quadripartite structure consisting of a large single
copy (LSC), a small single copy (SSC), and two inverted
repeat regions (IRa and IRb) (Fig. 1 and S3). Plastome
size varied from 152,974 to 153,325 bp. The LSC regions
ranged from 84,728 to 84,997 bp, the SSC regions from
17,500 to 17,544 bp, and the inverted repeat (IR) regions
from 25,373 to 25,393 bp (Table 1). The overall GC con-
tent was 37.72-37.74%, with LSC regions at approxi-
mately 36%, SSC regions around 32%, and IR regions
at about 43%. They contained 113 genes, including 79
PCGs, 30 tRNAs, and 4 rRNAs. Eighteen genes in the P
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Table 1 Features of Phryma leptostachya plastomes. The P
leptostachya Korea sample presented in the table corresponds to
P leptostachya_Koreal

Species P.leptostachya P.leptostachya P.lepto-
stachya

Origin Korea Russia USA

Accession number  PQ443460 PQ443461 PQ443462

Total plastome size 153,325 153,282 152,974

(bp)

Large single copy 84,997 84,952 84,728

(LSC) region (bp)

Inverted repeat (IR) 25,393 25,393 25,373

region (bp)

Small single copy 17,542 17,544 17,500

(SSC) region (bp)

Total number of 113 113 113

genes (unique)

Protein-coding gene 79 79 79

(unique)

rRNA (unique) 4 4 4

tRNA (unique) 30 30 30

GC content (%) 37.72 37.72 37.74

LSC (%) 3573 35.73 35.75

IR (%) 43.14 4313 43.16

SSC (%) 31.66 31.66 31.65

leptostachya plastomes contained introns, including 16
genes with single introns. Of these, two (pafI and clpPI)
contained duplicate introns (Tables S9 and S10).

We estimated codon usage and anticodon recognition
patterns of the plastome based on PCGs (Fig. S4). The
results showed that leucine was the most abundant amino
acid, whereas cysteine was the least abundant. Except for
methionine and tryptophan, which were encoded by only
one codon, the remaining amino acids contained 2-6
codons. The codon distribution was visualized as a heat
map (Fig. S5), where colors indicate codon bias, in which
green represents RSCU > 1, and red represents RSCU < 1.
We observed that the RSCU values of codons ending at
the A/T position in the third position were high.

Repetitive DNA sequences

We performed repeat analyses of the four P. leptostachya.
In P leptostachya_Russia, we detected 20 forward and
30 palindromic repeat types, whereas the other three
samples exhibited 21 forward and 29 palindromic repeat
types (Fig. 2A). The SSR analysis identified mono-, di-,
tri-, tetra-, penta-, and hexanucleotide repeat motifs,
with mononucleotides being the most abundant, fol-
lowed by tetranucleotides (Fig. 2B). The number of SSRs
ranged from 36 to 44, with many primarily distributed
in the intergenic spacer (IGS) and LSC regions (Fig. 2B).
P leptostachya_Koreal and P. leptostachya_Korea2 had
identical SSR numbers and distributions, whereas P. lep-
tostachya_USA had the lowest number of SSRs and was
absent from the IR region. No pentanucleotides were
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detected in P, leptostachya_Russia. Tandem repeat analy-
sis showed identical repeat numbers and distributions in
P leptostachya_Koreal and P. leptostachya_Korea2, and
P leptostachya_Russia and P. leptostachya_USA exhibited
the same pattern (Fig. 2C). Most tandem repeats were
distributed in the IGS and LSC regions, with lengths
primarily between 30 and 71 bp (Fig. 2D). Although IGS
regions are present throughout the plastome, they are
most abundant in the LSC region due to its larger size
and gene density. P leptostachya_USA had the high-
est number of 31-50 bp tandem repeats and the fewest
repeats of 30 bp or shorter. The total number of repeat
sequences was highest in P leptostachya_Koreal (3,018
sequences) and lowest in P [leptostachya_USA (2,880
sequences). Although the number of tandem repeats was
lower than that of the SSRs, the tandem repeats were
longer (Fig. 2E). Overall, the percentage of palindromic
repeats was highest, followed by forward repeats, tandem
repeats, and SSRs, showing similar distribution patterns
across P, leptostachya (Fig. 2F).

Comparative analysis of four Phryma leptostachya
plastomes

The contraction and expansion of the IR region are
related to the size of the plastome and can indicate an
evolutionary relationship between species (Fig. S6). The
plastome lengths of P. leptostachya ranged from 152,974
to 153,325 bp, with the LSC region ranging from 84,728
to 85,000 bp, SSC region from 17,500 to 17,544 bp, and
IR region from 25,373 to 25,393 bp. The IR lengths of P
leptostachya_Koreal and P leptostachya_Russia were
the longest at 25,393 bp, whereas the IR length of P. lep-
tostachya_USA was the shortest at 25,373 bp. rps19 and
trnH-GUG were located in the LSC region, and rp/2 was
found in both the IRa and IRb regions. The SSC region
contained the ndhF gene and was 35 bp in length. The
IRb region, containing the truN-GUU and ycfI genes,
was located at the boundary between the IRa/SSC and
SSC/IRb, crossing the SSC/IR region. The rps19 gene was
279 bp across all P leptostachya plastomes. In P. lepto-
stachya_USA, rps19 spanned the boundary between the
LSC and IRa, extending into the IRa by 42 bp, whereas in
P, leptostachya, rps19 was present only in the LSC region.
The ycfl gene, a pseudogene, was found in two Dipla-
cus, two Erythrnathe, one Mimulus, and one Paulownia
species.

Sequence identity was determined using the mVISTA
program, based on Phryma leptostachya_Koreal. The
plastome structure of P leptostachya was conserved,
with the gene regions being more conserved than the IGS
regions (Fig. 3). The IR region was more conserved than
the LSC and SSC regions, and many divergent regions
were observed in P, leptostachya_USA compared to other
P leptostachya varieties. Nucleotide diversity (Pi) values
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were analyzed by comparing P. leptostachya_Korea2, P.
leptostachya_Russia, and P leptostachya_USA with P
leptostachya_Koreal (Fig. 4). The IR region was more
conserved than the other regions, and the Pi value in the
IGS region was high. Nucleotide diversity between P. lep-
tostachya_Koreal and P. leptostachya_Korea2 was nearly
absent, with an average value of 0.00027. Between P. lep-
tostachya_Koreal and P. leptostachya_Russia, psbZ-trnG
(0.01408) showed high Pi values. The nucleotide diversity
between P. leptostachya_Koreal and P. leptostachya_USA
showed an average value of 0.00762. The ccsA-ndhD
region showed the highest diversity (0.04242), followed
by petA-psb] (0.02275) and psbC-trnS (0.02137).

We performed a selection pressure analysis using E.
dentiloba as a reference to investigate the rate of genetic
evolution (Figs. 5 and S7). In the dN/dS ratio (w), =1
indicates neutral evolution, w>1 indicates positive

selection, and w<1 indicates purifying selection. Here,
dN represents the rate of nonsynonymous mutations that
alter the amino acid sequence, whereas dS represents
the rate of synonymous mutations that do not alter the
amino acid sequence. In the P leptostachya plastome,
the overall dN and dS values ranged from 0 to 0.1158
and 0-0.477, respectively. The average dN/dS ratios for
P leptostachya_Koreal, P. leptostachya_Korea2, P. lep-
tostachya_Russia, and P. leptostachya_USA were 0.1868,
0.1865, 0.1855, and 0.183, respectively. Most of the 78
PCGs were conserved, indicating a purifying selection.
The psbH gene, which is involved in photosynthesis,
had a value of o> 1, suggesting that it may be subject to
positive selection. This gene was identical in all P lepto-
stachya variants, with a value of 1.0089.
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Phylogenetic analysis

To confirm this phylogenetic relationship, we con-
structed a phylogenetic tree using ML and BI methods,
including 15 Phrymaceae species, two Paulowniaceae
species, and three Mazaceae species. In this study, Lan-
cea hirsuta, L. tibetica and Dodartia orientalis were
selected as outgroups (Fig. S8 and Table S3). The phy-
logenetic relationships observed in the results of both
the ML and BI trees were identical, with robust support
(ML =100, PP=1.0) for the majority of nodes. The tree
was divided into three families, with members of the
same genus clustered within each family. The branch
nodes that divided P leptostachya_Koreal, P lepto-
stachya_Russia, and P leptostachya_USA were strongly
supported (ML=100, PP=1.0). P leptostachya_Koreal
and P leptostachya_Korea2 were very similar to each
other. Considering P. leptostachya_Koreal as the refer-
ence point, the distances were observed to be greater in
the order of P. leptostachya_Russia > P. leptostachya_USA.

Divergence time estimation and ancestral state inference

We performed dating analysis using 78 PCGs from 20
plants, including P leptostachya plastomes and out-
groups. The results showed that the divergence between
Phrymaceae and Paulowniaceae occurred at 57.64 MYA
(95% HPD: 57.05-58.26), and Phryma diverged earlier

within Phrymaceae than the two other genera (Diplacus
and Erythranthe) at 47.77 MYA (95% HPD: 47.40-48.12)
(Fig. 6). These divergent events occurred during the
Paleocene and Eocene. Within Phryma, P. leptostachya_
USA diverged first at 5.25 MYA (95% HPD: 4.89-5.59)
during the Pliocene, followed by P leptostachya_Russia
at 0.87 MYA (95% HPD: 0.71-1.03) during the Quater-
nary period. The divergence of P leptostachya_Koreal
and P leptostachya_Korea2 occurred more recently, at
0.11 MYA (95% HPD: 0.05-0.16), compared to other P,
leptostachya.

Furthermore, using S-DIVA implemented in RASP
(Reconstruct Ancestral State in Phylogenies), we inferred
ancestral states and historical biogeographic patterns
(Fig. 7). The distribution range was divided into three
regions: (A) East Asia, (B) North America, and (C) the
Russian Far East. Mazaceae was inferred to have origi-
nated in Region (A). The ancestral state of Paulowniaceae
was inferred as AB (East Asia and North America), indi-
cating its historical distribution between Regions (A) and
(B), while the ancestral state of Phrymaceae was inferred
as B (North America). Within Phrymaceae, the ancestral
state of P leptostachya was inferred as ABC (East Asia,
North America, and the Russian Far East), suggesting
its origin in Region (B), with subsequent dispersal and
vicariance events. Our analysis identified three dispersal
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and three vicariance events. The first dispersal event
involved migration from East Asia (A) to North America
(B) as Paulowniaceae and Mazaceae diverged. The sec-
ond dispersal event occurred during the divergence of
Phrymaceae into three genera: Diplacus, Erythranthe,
and Phryma. The third dispersal event occurred within
Phryma, from North America (B) to East Asia (A) and
the Russian Far East (C). Importantly, vicariance events
occurred twice within Phryma: first from North America
(B) to the Russian Far East (C), and then from the Russian
Far East (C) to East Asia (A). These results strongly sup-
ported the hypothesis that P leptostachya originated in
North America and subsequently migrated to East Asia
and the Russian Far East.

Haplotype network

To support the evidence of intercontinental differ-
ences, we constructed a haplotype network using matK
sequences from 21 P, leptostachya samples (Fig. S9). This
analysis identified three haplotypes: H1, H2, and H3.
Compared to H1, which served as the reference, H2 had

one substitution, while H3 had three substitutions. H1
was identical to the matK sequence found in P lepto-
stachya in Korea. H2 matched the matK sequence of P
leptostachya_Russia, and H3 was identical to the matK
sequence of P leptostachya_USA. Among the 21 sam-
ples, 11 were classified as H1, 5 as H2, and 5 as H3. H1
included samples distributed across East Asia, the Rus-
sian Far East, and North America. In contrast, H2 was
found exclusively in East Asian samples, whereas H3 was
observed only in North American samples.

Discussion

Features of Phryma leptostachya plastomes

We determined and analyzed the plastomes of P. lepto-
stachya. The plastomes exhibited a typical quadripartite
structure, similar to that of P leptostachya var. asiatica,
as previously reported, including the gene number and
GC content [63]. The ycfI5 gene, often pseudogenized
in many plants due to early stop codons [69, 70], was
not identified. The RSCU value represents synonymous
codon usage bias, indicating that the same amino acid is
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encoded by multiple codons. Leucine was the most com-
monly used codon, whereas cysteine was the least com-
mon (Fig. S4). When the RSCU value was greater than 1,
most codons ended with A or T; when it was less than
1, the third position ended with G or C (Fig. S5). These
findings have also been reported for many other plants
(71, 72].

Correlation of repeat lengths with plastome size in P.
leptostachya

SSRs are widely utilized for diversity studies and genetic
and species identification, particularly in plants [73,
74]. In this study, the majority of SSRs identified were
mononucleotide repeats within IGS regions, with a high
abundance of A/T motifs (Fig. 2). This is likely due to the
higher ratio of A/T in the plastome compared to that of
G/C, a phenomenon reported in many plant groups [75—
78]. Additionally, this finding is consistent with observa-
tions in other highly rearranged angiosperm genomes,
where most repeats are located in the IGS region [79-83].
The repeat sequence lengths in P leptostachya_Koreal
and P. leptostachya_Korea2 were identical except for the
SSRs. P leptostachya_Russia exhibited shorter overall
repeat lengths compared to P leptostachya_Koreal and
P leptostachya_Korea2, whereas P leptostachya_USA
had the shortest repeat lengths. The plastome lengths

followed a similar order: P leptostachya_USA had the
shortest plastome, followed by P. leptostachya_Russia and
P leptostachya_Korea. This pattern suggests that varia-
tions in repeat lengths are associated with differences in
genome length.

Genomic variability revealed through the plastome

The IR is typically the most conserved region in the
plastome compared to the LSC and SSC regions. The
contraction and expansion of the IR in angiosperms are
sometimes responsible for variations in genome size [84,
85]. We identified an IR region with a length of 25,373 bp
in P leptostachya_USA, which was similar in P lepto-
stachya_Koreal, P. leptostachya_Korea2, and P. lepto-
stachya_Russia, ranging from 25,391 to 25,393 bp. The
IRa/SSC and SSC/IRb junctions are highly conserved,
whereas variability is observed at the LSC/IRa and IRb/
LSC junctions. In particular, compared to other P. lepto-
stachya variants, P. leptostachya_USA has an extended IR
region, indicating structural changes (Fig. S6). The expan-
sion and contraction of IR regions appear to play a role in
determining genome length and are commonly observed
in evolutionary processes [86, 87]. These changes may
have affected the overall genome structure and evolu-
tionary dynamics.
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In this study, we compared the plastomes of P lepto-
stachya variants (Fig. 3). Variable regions were primar-
ily observed in the LSC and SSC regions, whereas the
IR region, which contains four highly conserved rRNA
genes, showed fewer variations. Additionally, more
variations were noted in the non-coding regions com-
pared to the coding regions. Based on comparisons of
P leptostachya Koreal with P leptostachya_Korea2,
P leptostachya_Russia, and P leptostachya_USA, high
nucleotide diversity was observed in the IGS regions
(Fig. 4). The Pi values of P. leptostachya_Koreal and P, lep-
tostachya_Korea2 were mostly zero, indicating similarity.
In P leptostachya_Russia, differences were observed in
regions such as psbZ-trnG and trnS-rps4. Additionally,
marked distinctions were noted in non-coding regions,
such as ccsA-ndhD, petA-psb], and psbC-truS, in P. lep-
tostachya_USA. Notably, P leptostachya_USA exhibited
a higher level of diversity, which is unusual for a single
species. This degree of variation suggests variation at
the species level. Various regions, such as ccsA-ndhD,
petA-psb], psbC-trnS, and psbZ-trnG, have been reported
in other species, including Atractylodes, Parrotia, and
Hydrocotyle [88-90]. Variations in non-coding regions,
particularly in IGS regions, are valuable for distinguish-
ing species and understanding genetic differences among
them. These variable regions may contribute to the devel-
opment of markers for species identification [91].

The dN/dS ratio is a valuable tool for assessing the evo-
lutionary rate and selective pressure on specific PCGs.
Most genes have undergone purifying selection due to
their functional limitations, whereas others have under-
gone positive selection, leading to various environmen-
tal adaptations during evolution [92-96]. The psbH gene
encodes a key Photosystem II subunit essential for pho-
tosynthesis. It is associated with CP47 and plays a crucial
role in PSII assembly, stabilization, and electron transfer
[97]. In shade-tolerant Oryza spp., positive selection of
psbH can be interpreted as a genetic variation enhanc-
ing shade adaptation [98]. Additionally, in Diospyros, a
dN/dS value greater than 1 for psbH in (sub) temperate
species suggests that psbH plays a crucial role in adapta-
tion to temperate regions [99]. A comparison of four P
leptostachya samples with E. dentiloba revealed posi-
tive selection exclusively in psbH (»=1.0089) (Fig. 5, S7
and Table S11). Since the dN/dS value is slightly greater
than 1, it suggests positive selection acting on psbH. Posi-
tive selection on psbH is estimated to have arisen from
a divergence with a common ancestor approximately
42.77-52.51 MYA during the Eocene. Additionally, the
identical dN/dS values suggest that adaptive changes in
psbH have already been established in P leptostachya.
Environmental changes likely occur before differentia-
tion, triggering the adaptive evolution of photosynthesis-
related genes in response to these pressures [100].
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Phylogenetic perspectives of P. leptostachya: distinct
separation

To date, there have been few phylogenetic studies of
Phryma using plastomes. In this study, we utilized 20
plastomes, including P. leptostachya. We constructed a
phylogenetic tree using both ML and BI analyses, with
three Mazaceae species included as outgroups (Fig. S8).
Phrymaceae, Paulowniaceae, and Mazaceae have previ-
ously been classified phylogenetically based on plastome
data [65]. Using ITS, ETS, and truL/F sequence data to
analyze phylogenetic relationships, we treated P lepto-
stachya from North America and P leptostachya from
East Asia as distinct varieties and confirmed consider-
able divergence between them [8]. Additionally, a phy-
logenetic tree constructed from a combination of ITS,
rpsl6, and truL-F sequences identified two major clades
within Phryma: one consisting of populations from East-
ern North America (ENA) and the other consisting of
populations from Eastern Asia (EA) [15]. Consistent
with previous research, our study confirmed a distinct
phylogenetic separation between plastomes from North
America and East Asia, despite their high morphologi-
cal similarity. Specifically, P leptostachya_Koreal and
P leptostachya_Korea2 formed monophyletic groups,
whereas P, leptostachya_Koreal and P. leptostachya_Rus-
sia suggest the possibility of forming paraphyletic groups.
Among the P leptostachya variants examined, P. lepto-
stachya_USA was the first to diverge phylogenetically.
Notably, in this study, we also observed that P lepto-
stachya collected from the Far East region of Russia, was
positioned between P leptostachya_Korea and P lepto-
stachya_USA. Considering the divergence times reported
in previous studies [15], our results suggest that the EA
populations are more closely related to P leptostachya
from Korea and Russia, whereas the ENA populations are
more closely related to P, leptostachya from the USA.

Migration of P. leptostachya via the Bering Land Bridge: a
connector between East Asia and North America

We examined divergence times to support our findings
on the phylogenetic relationships within P leptostachya
(Fig. 6). We found that the divergence between P lep-
tostachya_USA and the other P leptostachya variants
occurred approximately 5.25 million years ago (MYA),
with subsequent divergences around 0.87 MYA and
0.11 MYA within the remaining samples. Previous stud-
ies estimated the divergence times of P. leptostachya var.
asiatica from EA and P. leptostachya var. leptostachya in
ENA to range from 3.68+2.25 to 5.23+1.37 MYA based
on rpsl6 and truL-F sequence data [15]. Additionally,
divergence estimates for the Phryma and its sister group
range from 32.32+4.46 to 49.35+3.18 MYA [15], align-
ing with our estimate of divergence during the Eocene,
approximately 47.77 MYA. Consequently, our results
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are consistent, indicating that P leptostachya USA is
closely related to ENA populations. Additionally, the EA
populations were similar to P leptostachya_Korea and
P leptostachya_Russia. However, P leptostachya_Rus-
sia appears to have diverged from P. leptostachya_Korea
approximately 0.87 MYA, indicating the presence of evo-
lutionary differences exist between P. leptostachya_Korea
and P, leptostachya_Russia.

The divergence of Paulowniaceae and Phrymaceae
occurred during the Paleocene, marked by an initial
vicariance event that led to their migration from East
Asia (A) to North America (B). Within Phrymaceae,
two dispersal and two vicariance events occurred; both
vicariance events occurred within Phryma. One vicari-
ance event occurred during the Pliocene, and the other
occurred during the Quaternary, from Far East Russia
to East Asia (Fig. 7). The haplotype analysis of P. lepto-
stachya confirmed a discontinuous distribution driven by
historical vicariance and dispersal events (Fig. S9). Specif-
ically, haplotype H1 was found in East Asia, the Russian
Far East, and North America; H2 was restricted to East
Asia; and H3 was confined to North America. The results
showed that H1, H2, and H3 corresponded to P. lepto-
stachya from Korea, Russia, and the USA, respectively,
highlighting similar patterns of discontinuous distribu-
tion. The observed distribution patterns were likely influ-
enced by historical climate changes that affected global
temperatures, precipitation patterns, and sea levels.
Vicariance events in the Pliocene occurred under warmer
and wetter conditions, which facilitated the movement
of plants between regions [101]. The Pleistocene expe-
rienced significant fluctuations in plant communities
owing to alternating glaciations and interglacial peri-
ods, which profoundly affected their distribution [102].
The vicariance event that separated P. leptostachya_Rus-
sia from P. leptostachya_Korea likely resulted from geo-
graphical or environmental changes and potentially led
to independent evolutionary trajectories over time. Our
S-DIVA results support a dispersal scenario from North
America to East Asia that was likely facilitated by the
Bering Land Bridge. Furthermore, we believe that P. lep-
tostachya in Russia likely played a bridging role between
North America and East Asia. This bridge intermittently
connected the two continents during periods of lower sea
level between the Miocene and Pliocene, playing a crucial
role in enabling the intercontinental migration of various
species, including plants [103, 104].

Additionally, the separation patterns between East
Asia and North America are generally associated with
the use of the Bering Land Bridge and the North Atlantic
Land Bridge [26, 105]. The North Atlantic Land Bridge,
which connects Europe to North America, existed from
the Late Paleocene to the Early Eocene. In contrast, the
Bering Land Bridge is believed to have existed from the
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Palaeocene to the Miocene and temporarily reopened
throughout the Pleistocene [106]. The Bering Land
Bridge may have been more significant than the North
Atlantic Land Bridge for temperate taxa [26], thus rein-
forcing our hypothesis of migration via the Bering Land
Bridge. Moreover, P. leptostachya relies on fruits rather
than seeds for animal-mediated dispersal, as their fruits
have characteristics that allow them to adhere well to
animals [107]. This dispersal method can aid in overcom-
ing geographical barriers and facilitating long-distance
movement, thus complementing the role of land bridges
in enabling plants to spread across continents. Similar
migration patterns were observed in other species. For
instance, Circaea migrated from Eurasia to North Amer-
ica via the Bering Land Bridge, as supported by analyses
of partial sequences (petB-petD, rpl16, and trnL-F) and
nrITS [108]. Pseudotsuga originated in North America
and subsequently migrated to East Asia during the Early
Miocene [109]. Additionally, Chamaecyparis experienced
geographical separation between North America and
East Asia on at least two occasions [110]. Similar migra-
tion patterns have been observed in Penthorum [111],
Cornus [112], Sassafras [16], and Saxifraga rivularis
[113].

Our analysis estimated the divergence of P. leptostachya
from Korea, Russia, and the USA, suggesting that P. lep-
tostachya likely migrated from the USA to Korea though
the Bering Land Bridge. This migration route likely
played a crucial role in shaping the observed genetic
differentiation. During this migration, P leptostachya
underwent prolonged geographical isolation and adapta-
tion to distinct environmental conditions, which further
contributed to its genetic divergence. These genetic dif-
ferences can be attributed to geographical barriers and
environmental factors that restricted gene flow and fos-
tered distinct evolutionary pathways.

Conclusion

In this study, we examined the plastomes of P. [lepto-
stachya variants from Korea, Russia, and the USA.
Sequence differences were observed among P lepto-
stachya variants, particularly in the IGS regions, with
P leptostachya_USA showing IR expansion. We con-
structed phylogenetic relationships that revealed clear
separation within P leptostachya and estimated diver-
gence times approximately 5.25, 0.87, and 0.11 MYA
for P leptostachya_Korea, P. leptostachya_Russia, and P
leptostachya_USA, respectively, yielding high-resolution
results. Additionally, our study provides insights into
the evolutionary dynamics of Phrymaceae, revealing key
dispersal, vicariance events, and intercontinental migra-
tion patterns. Notably, the biogeographic results sug-
gest that P leptostachya migrated from North America
to East Asia, with P leptostachya_Russia likely serving
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as a bridge during this process. Migration, dispersal, and
vicariance events, along with geographical isolation, led
to genomic variation that may have contributed to diver-
gence into separate species. Therefore, we propose that
P leptostachya should be recognized as a separate spe-
cies rather than a single species. This study highlights the
geographic differences among P. leptostachya plastomes
and enhances our understanding of the evolutionary tra-
jectory of Phryma.
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