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Abstract

This study aimed to reveal the evolutionary timescale and processes underlying the diversity of Rubus in the Japanese
Archipelago. We conducted molecular phylogenetic analyses of most native species (35 species), along with previously
published data from 116 foreign species, based on nuclear ribosomal internal transcribed spacer (ITS) and chloroplast DNA
sequences. Most of the northern species of Japan, that is, Rubus chamaemorus, R. pedatus, R. vernus, R. pseudojaponicus,
and R. ikenoensis, were found to belong to anciently diverged lineages; in particular, R. ikenoensis formed a unique lineage
distinct from other species. The other species diverged into two evolutionary groups. One included subg. Malachobatus,
Chamaebatus, and sects. Pungentes, Idaeanthi, and Parvifolii (subg. Idaeobatus), which was further divided into two clades
in the chloroplast phylogenies. Although the phylogenetic structures within this group were unresolved, R. sieboldii has
been proven to be recently derived. The second group represented a well-supported clade, comprising sects. Microphylli,
Corchorifolii, Peltati, and Rosifolii (subg. Idaeobatus) and suggested early Miocene diversification of this Asian lineage
associated with character specialization in vegetative reproduction and leaf shape. This clade was further resolved into lower
clades primarily representing the sectional classifications, although the placement of the earliest diverged species, R. suma-
tranus, R. peltatus, R. corchorifolius, and R. chingii, was incongruent among gene trees. At the lower taxonomic levels, R.
illecebrosus, R. grayanus, and the thornless species of sect. Microphylli showed earlier divergence.

Keywords Ancestral trait - Chloroplast gene - Japanese Archipelago - Phylogeny - Ribosomal internal transcribed spacer -
Rubus

Introduction

Rubus is a large and taxonomically complex genus, comprising
more than 740 described species worldwide (Hummer 2019).
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Focke’s initial global classification (Focke 1910, 1911, 1914)
of Rubus recognized 12 subgenera, although the vast majority
belonged to the three largest subgenera: Idaeobatus, Rubus
(formerly Eubatus), and Malachobatus. However, revision of
the classic infrageneric classification has been recommended,
as an increasing number of molecular phylogenetic studies
have revealed the phylogenetic complexity of the genus (Alice
and Campbell 1999; Carter et al. 2019; Eriksson et al. 2003;
Howarth et al. 1997; Morden et al. 2003; Wang et al. 2016).
Moreover, the taxonomic circumscription of some species is
complicated because of their inclination toward agamospermy,
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polyploidy, and frequent hybridization (Alice et al. 2001;
Sarhanov4 et al. 2017; Sochor et al. 2015).

East Asia has been recognized as a diversity center for
Rubus, where most species of subg. Idaeobatus and Malacho-
batus are distributed (Lu 1983, 1985; Lu and Boufford 2003).
The Japanese Archipelago, located off the eastern coast of East
Asia, is also characterized by a high diversity of Rubus. The
current classification (Naruhashi 2001) recognizes 38 native
species that are distributed across a variety of climate types,
from cold-temperate to subtropical zones (Fig. 1, Table 1). The
majority belong to subg. Idaeobatus (28 species) and Mala-
chobatus (6 species), with some species found in the minor
subgenera Dalibarda (R. pedatus), Cylactis (R. pseudojaponi-
cus), Chamaebatus (R. pectinellus), and Chamaemorus (R.
chamaemorus). Japanese Rubus has biogeographic affinities
with continental East Asia; although it harbors 10 (>25%)
endemic species, all the other species have taxonomically
identical species in the adjacent Asiatic mainland, with a few
species, including R. chamaemorus and R. idaeus, extending
to Europe and North America (Naruhashi and Satomi 1972).

Currently, the evolutionary relationships of Rubus in the
Japanese Archipelago are poorly understood. Despite the
abundance of taxonomic literature (Iwatsubo et al. 1996;
Iwatsubo and Naruhashi 1991; Jinno 1958; Naruhashi 1971,
1968), the species circumscription and phylogenetic relation-
ships have not been evaluated using molecular data, except
for a few studies focusing on species from subg. Idaeobatus
(Miyashita et al. 2015; Okada et al. 2020). However, advances
in molecular phylogenetics have facilitated the accumulation
of genetic information on Rubus worldwide, which could serve
as a reference for understanding the evolution of Japanese
Rubus in a biogeographic context (e.g., Alice and Campbell
1999; Wang et al. 2016). Moreover, analytical frameworks of
divergence time and ancestral state estimation in previous stud-
ies (Alice and Campbell 1999; Carter et al. 2019; Okada et al.
2020) can be employed to better understand the evolutionary
histories of Japanese Rubus.

This study aimed to reveal the evolutionary timescale and
processes underlying the diversity of Rubus in Japan. To
achieve this, we reconstructed the phylogeny of Rubus by sam-
pling available native species and using previously published
sequences, focusing on species monophyly, diversification,
and phylogenetic origins. Moreover, the divergence time of
major evolutionary/biogeographic events was estimated using
molecular dating, and ancestral character states were recon-
structed to infer their evolutionary history.
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Materials and methods
Taxon sampling and DNA extraction

This study targeted 35 Japanese Rubus species, encom-
passing all of the native species listed in the Flora of Japan
(Naruhashi 2001), except for R. amamianus, R. hakonen-
sis, and R. nesiotes. We included R. X utchinensis (a puta-
tive hybrid between R. nesiotes and R. sieboldii) to obtain
some genetic information regarding R. nesiotes, along with
three other hybrid species, R. X nakaii, R. X inaequiaculea-
tus (formerly R. X ribifolius), and R. X medius. We incorpo-
rated multiple accessions (an average of 3.9 accessions per
species) for each species in order to test for the monophyly
of the species, except for R. okinawensis, R. pedatus, R.
lambertianus, R. nishimuranus, R. pseudojaponicus, and
R. pseudoacer, for which only one sample was available.
We also included two foreign species (North American R.
spectabilis and Korean R. coreanus) and four cultivars that
were available. Samples of these species were acquired
either through original collections or a DNA-barcoding
project conducted by the Forestry and Forest Products
Research Institute (Setsuko et al. unpublished; Table 1,
Online Resource 1). For the samples from the original
collections, we extracted genomic DNA using the DNeasy
Plant Mini kit (QIAGEN, Hilden, Germany), and voucher
specimens were deposited in the herbarium at the FFPRI
(Online Resource 1).

PCR amplification and sequencing

Sequences were determined for the nuclear ribosomal
internal transcribed spacer (ITS) region and chloroplast
nucleotide sequences, including the rbcL., matK, and three
intergenic regions: trnlL—trnF, trnS—trnG, and rpl20-rps12.
The PCR reaction of all these regions was conducted in a
10 uL reaction mixture, containing template DNA, 20 mM
Tris—-HCI (pH 8.4), 50 mM KCl, 1.5-2.0 mM MgCl,,
0.2 mM of each dNTP, 0.25 uM of each primer, and 0.25 U
Ex Taq polymerase (TaKaRa, Otsu, Japan). A PerkinElmer
9700 thermocycler (PerkinElmer, Warrington, UK) was
used with an initial denaturation step for 3 min at 94 °C,
followed by 35-40 cycles of 1 min at 94 °C, 1 min at the
annealing temperature (55 °C for each primer set), fol-
lowed by 2 min at 72 °C, and a final extension step of 5 min
at 72 °C. The amplicons were purified with EXOSAP-IT
(Affymetrix, CA, USA) and subjected to direct sequenc-
ing using an ABI3130 Genetic Analyzer and a BigDye
Terminator v3.1 Cycle Sequencing Kit (Applied Biosys-
tems, CA, USA). Sequences were read in both directions
using forward and reverse amplifying primers for all the
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Fig. 1 Representative Rubus species in the Japanese Archipelago
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Table 1 List of Japanese native Rubus species and hybrids included in this study

Subgenus Section Species N Chromosome Distribution
Chamaemorus Rubus chamaemorus L. 2 2n=>56 North America, Europe, Amur, Primorye,
Sakhalin, Okhotsk, Kamchatka, the
Komander Islands, the Aleutian, the
Kuriles, Japan, North Korea and NE.
China
Dalibarda® Rubus pedatus Sm. 1 2n=14 N. Sakhalin, the Kuriles, Japan and North
America
Cylactis Saxatiles Rubus pseudojaponicus Koidz. 1 2n=14 The Kuriles and Japan
Chamaebatus Rubus pectinellus Maxim. 2 2n=42 Japan, China, Taiwan and the Philippines
Malachobatus ~ Sozostyli Rubus nesiotes Focke NC 2n=28 Endemic
Moluccani  Rubus amamianus Hatus. & Ohwi NC ND Endemic
Rubus sieboldii Blume 8 2n=28 Endemic
Rubus buergeri Miq. 3 2n=42, 56 Japan, Taiwan, South Korea and China
Rubus hakonensis Franch. & Sav. NC 2n=42,56 Japan and China
Rubus lambertianus Ser. 1 2n=28 Japan, Taiwan and China
Idaeobatus Peltati Rubus peltatus Maxim. 3 2n=14 Japan and China
Corchorifolii  Rubus corchorifolius L.f. 5 2n=14 Japan, Taiwan, Korea, China and Viet-
nam
Rubus chingii Hu 1 2n=14 Japan and China
Rubus kisoensis Nakai 2 2n=14 Endemic
Rubus palmatus Thunb. 16  2n=14,21 Japan and Korea
Rubus grayanus Maxim. 4 2n=14 Japan and China(?)
Rubus ribisoideus Matsum. 3 2n=14 Japan and South Korea
Microphylli  Rubus trifidus Thunb. 5 2n=14 Japan and Korea
Rubus boninensis Koidz. 2 ND Endemic
Rubus microphyllus L.f. 7 2n=14 Japan and China
Rubus subcrataegifolius (H.Lév. & 4 2n=14 Japan, Taiwan, Korea and China
Vaniot) H.Lév.
Rubus crataegifolius Bunge 18 2n=14 E. Siberia, Amur, Primorye, Japan,
Korea, and China
Rubus pseudoacer Makino 1 2n=14 Endemic
Spectabiles  Rubus vernus Focke 3 2n=14 Endemic
Idaeanthi Rubus idaeus L. 6 2n=14, 21, 28, 35, 42 Europe, the Caucasus, Siberia, Amur, Pri-
morye, Sakhalin, Okhotsk, Kamchatka,
the Kuriles, Japan, Korea, China and
North America
Rosifolii Rubus illecebrosus Focke 7 2n=14 Endemic
Rubus minusculus H.Lév. & Vaniot 3 2n=14 Japan and China
Rubus sumatranus Miq. 1 2n=14 Japan, Taiwan, South Korea, W. & C.
China, Indochina, Thailand, Sumatra,
Assam and the E. Himalaya
Rubus hirsutus Thunb. 9 2n=14 Japan, Korea and China
Rubus okinawensis Koidz. 1 2n=14 Endemic
Rubus croceacanthus H.Lév. & Vaniot 5 2n=14 Japan, Taiwan and Korea
Nishimurani  Rubus nishimuranus Koidz. 2 2n=28 Endemic
Parvifolii Rubus mesogaeus Focke 3 2n=14 The Kuriles (kunashiri), Japan, Taiwan,
E. & C. China and the Himalaya (Nepal
to Bhutan)
Rubus phoenicolasius Maxim. 2n=14 Japan, Korea and China
Rubus parvifolius L. 2n=14,21 The Kuriles (Kunashiri), Japan, Taiwan,
Korea and China
Rubus yoshinoi Koidz. 3 2n=14, 21 Japan and China
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Table 1 (continued)

Subgenus Section Species N Chromosome Distribution
Pungentes Rubus pungens Cambess. 3 2n=14 Japan, Taiwan, Korea, China and Hima-
laya
lkenoenses ~ Rubus ikenoensis H.Lév. & Vaniot 1 2n=14 Japan and Korea
Hybrids R. X nakaii Tsuyama 1 NI Endemic
R. X medius Kuntze 1 2n=14 Endemic
R. X inaequiaculeatus Kuntze 1 2n=14 Endemic
R. Xutchinensis Koidz. 1 2n=14 Endemic

NC not collected in this study, NI not investigated

2Although R. pedatus is classified as subg. Cylactis by Naruhashi (2001), here we accepted the classification by Focke (1910), which places it in

subg. Dalibarda

regions, and internal sequencing primers designed for this
study for the ITS region (Online Resource 2), and were
assembled using CodonCode Aligner v7.1.2 (CodonCode
Corporation, MA, USA) to generate consensus sequences.
Heterozygous peaks at a single position were found in the
ITS region of 72 individuals and were coded using [UPAC
ambiguity codes. Heterozygous indels found in a few spe-
cies (R. vernus and R. ikenoensis) were encoded as Ns. All
newly generated sequences were registered in the DNA
Data Bank of Japan (Online Resource 1), which has been
partially reported in other studies (Okada et al. 2000; Set-
suko et al. unpublished).

Phylogenetic reconstruction

In addition, sequences of corresponding genes were
obtained from 132 Rubus species (including 116 foreign
species) from previous studies (Alice and Campbell 1999;
Eriksson et al. 1998; Wang et al. 2016) through GenBank
(Online Resource 3). Sequences were aligned using the
MUSCLE algorithm and manually refined using SeaView
v4.3.3 (Gouy et al. 2010), and heterozygous sequences
in ITS regions were imported into DnaSP v5 (Librado
and Rozas 2009) to generate phased haplotypes. There-
fore, the chloroplast dataset comprised the sequences of
three regions (rbcL, trnS—trnG and rpl20-rps12) from
303 individuals of 107 Rubus species, and the ITS dataset
contained 467 phased sequences from 371 individuals of
157 Rubus species. Moreover, we prepared another data-
set sourced only from our original data (162 individuals),
covering all five chloroplast regions, to construct a more-
resolved chloroplast phylogenetic tree, which is referred
to as “partial phylogeny.” Sequence alignments for these
data sets are available in Dryad (doi https://doi.org/10.
5061/dryad.bzkh189bp). For each dataset, the optimal sub-
stitution model of nucleotide substitution for each locus
was selected from 88 models using the corrected Akaike

information criterion in jModelTest v0.1.1 (Posada 2008).
The data matrices for each chloroplast gene were concat-
enated for phylogenetic reconstruction.

Phylogenetic reconstruction was performed using the
maximum likelihood (ML) and Bayesian inference (BI)
methods. The ML method was conducted with RAXML
v8.2.10 (Stamatakis 2014) using raxmlGUI 2 (Edler et al.
2021), applying a GTR + 14T substitution model. One
thousand bootstrap replicates were performed to estimate
the confidence values of the nodes. The BI method was
executed using MrBayes v3.2.1 (Ronquist et al. 2012).
Two independent runs containing four Markov chain
Monte Carlo (MCMC) chains (one hot and three cold)
were run over one million generations under the best-
fitting substitution models (Online Resource 4), until the
average standard deviation of split frequencies fell below
0.01, saving trees every 500 generations and discarding the
first 10% as burn-ins. For both analyses, partitions of the
concatenated chloroplast sequences were unlinked, allow-
ing the model parameters for each partition to be estimated
independently.

Subsequently, to visualize the evolutionary history of Jap-
anese Rubus and to identify the origin of the hybrid species,
we conducted a consensus network analysis using the pro-
gram SplitsTree4 (Huson and Bryant 2006). Here, we com-
bined one chloroplast and two ITS trees, all pruned to retain
target species using the keep.tip function implemented in the
package ape v5.4 (Paradis et al. 2004) in R (R Core Team
2020), and each ITS tree contained a different set of phased
haplotypes from heterozygous sequences. Here, we targeted
34 non-hybrid Japanese species, five putatively hybrid taxa
(R. X nakaii, R. X medius, R. X utchinensis, R. X inaequiacu-
leatus, and R. nishimuranus). We also targeted 12 foreign
Chinese species, which represented the lineages in which
Japanese Rubus species were not involved, along with two
outgroups published by Wang et al. (2016). Rubus lamber-
tianus was represented by a Chinese accession because of
suspected hybridization in the Japanese sample.
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«Fig.2 Summarized phylogenetic tree estimated with Bayesian infer-
ence (BI) and maximum likelihood (ML) methods, based on the
internal transcribed spacer data. Sequences obtained from this study
are shown in bold, and those from Wang et al. (2016), Alice and
Campbell (1999), and Eriksson et al. (1998) are indicated by the
prefix letters “W_,” “AC_,” and “E_,” respectively. The numbers of
conspecific sequences in the same (collapsed) branches are shown in
parentheses. The numbers at each node indicate the posterior prob-
abilities/bootstrap values. An original version of the ITS BI and ML
phylogenies is given in Online Resource 4. "'This includes one of the
phased haplotypes of a putative hybrid of distant lineages (illecebro-
sus_yakusimensis_YK637). “*This R. minusculus sample lacks glan-
dular hairs and is identified as R. minusculus var. hongnoensis (Naru-
hashi, pers. comm.). “3All of these sequences were either one of the
phased haplotypes with the other haplotypes belonging to distant lin-
eages and were suspected to be hybrids

Estimation of divergence time

We estimated the divergence times of the representative
nodes based on ITS and chloroplast sequences. We applied
a Bayesian divergence-time estimation method implemented
in BEAST 2.5.3 (Drummond and Rambaut 2007) using a
calibrated Yule model of speciation and an HKY model
of nucleotide substitution. Posterior mean values and 95%
highest posterior density (HPD) intervals of divergence time
were estimated with 10 million MCMC generations, sam-
pling every 5000, and discarding the first 10% as burn-ins.
For these analyses, we employed non-hybrid native species
and 12 Chinese species, as stated above, and the ITS-based
analysis further involved one Asian and 14 American spe-
cies from this study (R. spectabilis) and Alice and Campbell
(1999), so that major lineages of Rubus and intercontinental
vicariant events (e.g., R. pseudojaponicus and R. arcticus)
could be covered. We constrained monophyly of the clades
that were supported (> 0.8) in the BI phylogenies. To select
the best-fit molecular clock model, we compared the per-
formance of different models, including the strict clock,
uncorrelated lognormal relaxed clock (UCLN), uncorrelated
exponential relaxed clock, and random local clock models,
based on Bayes factor analysis. Marginal likelihoods of each
model were evaluated using nested sampling with 10 par-
ticles, a subchain length of 10,000, and an epsilon value
of 1x 1075, The oldest fossil records of Rubus have been
found in the lower Eocene deposits (54—48 million years ago
[Mya]) in North America (DeVore and Pigg 2007). Previ-
ous molecular dating based on a plastid gene estimated the
origin of this genus as far back as 56.93-65.66 Mya (Zhang
et al. 2017), which is congruent with the fossil record. Carter
et al. (2019) therefore conducted molecular dating of Rubus,
constraining the age of the root node to 56.93-65.66 Mya.
In this study, we followed the method of Carter et al. (2019)
and constrained the node age with a log-normal distribution
with parameters M=4.112 Mya and $=0.043 Mya, which
generated a 95% confidence interval of ca. 56.9-65.5 Mya.

Phylogenetic signal and ancestral state
reconstruction

Furthermore, we examined the trait evolution of Japanese
Rubus using ancestral trait reconstruction and phyloge-
netic signal tests. Five morphological characteristics were
examined: petal color (white—pink, light purplish red, dark
purplish red, or petalless flowers), fruit color (red—purple,
yellow—orange, purplish black, yellowish white), leaf shape
(simple, ternate, pedate-digitate, or pinnately compound),
stem prickle (present or absent), and vegetative reproduction
(by subterranean runners or cane apices). Here, we targeted
each accession from all the examined species for which
trait information was available. The trait data, except for
vegetative reproduction, were collected from Flora of Japan
(Naruhashi 2001), Flora of China, Flora of North America
(www.eFloras.org), and Howarth et al. (1997). Vegetative
reproductive traits were only obtained for Japanese species
and two foreign species (R. saxatilis and R. arcticus) based
on previous life-history studies (Ryynédnen 1972; Suzuki
1990, 1997, personal communications; Eriksson and Bremer
1993). The BI phylogenies were pruned to retain the focal
species, and the phylogenetic signals were tested based on
Blomberg’s K (Blomberg et al. 2003) and Pagel’s 4 (Pagel
1999), using the package phytools v 0.7-47 in R (Revell
2012). Ancestral states for each node were inferred using
likelihood under equal rates and symmetric models, employ-
ing the rerootingMethod function in phytools.

Results
Phylogeny of Japanese Rubus

The ITS phylogenies (Fig. 2; Online Resource 5) showed
a basal divergence of a well-supported clade comprising
R. pedatus (subg. Dalibarda) and R. chamaemorus (subg.
Chamaemorus). This clade was sister to New World’s R.
lasiococcus, and was related to subg. Anoplobatus.

The core clade of Rubus was split into five lineages. The
first diverging clade comprised all species of the sect. Spect-
abiles (R. vernus, R. hawaiensis, and R. spectabilis). The
second was monotypic for R. ikenoensis. R. pseudojaponicus
(subg. Cylactis) formed a third clade with R. pubescens and
R. arcticus.

The fourth lineage was a large clade (clade A), which
included sects. Microphylli, Corchorifolii, Rosifolii, and Pel-
tati of subg. Idaeobatus within three subclades (A1-A3).
Three other lineages of Asian species (humulifolius, ellip-
ticus/pinfaensis, and macilentus/simplex) also joined the
unresolved polytomy of this clade. Subclade Al contained
the species of sect. Rosifolii (R. illecebrosus, R. minus-
culus, R. sumatranus, R. hirsutus, R. okinawensis, and R.
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croceacanthus), along with Chinese R. columellaris (sect.
Leucanthi), as the most basally branching species. This clade
also included one of the phased haplotypes of R. nishimu-
ranus of the monotypic section Nishimurani, which is sus-
pected to be of hybrid origin between sects. Rosifolii and
Microphylli. R. sumatranus was the earliest diverged in this
section, and the other species were split into two divergent
lineages (R. illecebrosus vs. the rest). Subclade A2 was
formed by sects. Corchorifolii (R. corchorifolius, R. chingii,
R. kisoensis, R. palmatus, R. grayanus, and R. ribisoideus)
and Peltati (R. peltatus). This subclade was subdivided
into two divergent lower clades, with the first comprising
R. chingii, R. corchorifolius, R. peltatus, and Chinese R.
glabricarpus. There was no apparent phylogenetic structure
within the second, except that southerly distributed R. gray-
anus formed a divergent lineage to the rest (R. palmatus, R.
kisoensis, and R. ribisoideus) together with a haplotype of
R. palmatus var. yakumontanus. Poorly supported subclade
A3 comprised sect. Microphylli (R. trifidus, R. boninensis,
R. microphyllus, R. subcrataegifolius, R. crataegifolius and
R. pseudoacer) and R. nishimuranus as stated above. Within
A3, three unarmed species, R. pseudoacer, R. trifidus, and R.
boninensis, formed a distinct subclade, where R. pseudoacer
was sister to the others. Phased haplotypes of R. X medius
both occurred in this subclade, with one in the trifidus-
boninensis lineage and the other in the microphyllus-sub-
crataegifolius lineage. The ITS phylogenies showed species
monophyly only for three species, R. chingii, R. peltatus, and
R. pseudoacer, in clade A.

The fifth lineage (clade B) included all Japanese species
from subg. Chamaebatus, Malachobatus, and three section-
sof subg. Idaeobatus, that is, sect. Idaeanthi (R. idaeus),
Parvifolii (R. mesogaeus, R. phoenicolasius, R. parvifolius
and R. yoshinoi), and Pungentes (R. pungens). This clade
also included the accessions of foreign species of subg. Dali-
bardastrum, Dimenicus, Lampobatus, Orobatus, Rubus, and
Idaeobatus. This clade is characterized by an unresolved
basal polytomy without a clear phylogenetic structure in the
BI tree, although the ML tree shows weak evidence of the
divergence of subg. Malachobatus and Chamaebatus, along
with some other species (Online Resource 5). Species mono-
phyly was only evident in R. pungens and R. pectinellus in
this clade. Monophyly of R. sieboldii was disrupted by a
phased haplotype of R. X utchinensis (R. sieboldii X R. nesi-
otes), with the other haplotype being included in the swin-
hoei lineage. Similarly, R. lambertianus was not monophy-
letic only because a haplotype of a Japanese accession was
related to R. buergeri. The ITS phylogenies also displayed
close relationships between R. pectinellus and Chinese R.
calycinus, between R. idaeus and R. saxatilis (widespread in
Asia and Europe), and between a few samples of R. yoshinoi
and Chinese R. kulinganus, which were regarded as identical
by Naruhashi (2010). A haplotype of R. yoshinoi (K59) was
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closely related to R. parvifolius and could be regarded as a
hybrid R. X pseudoyoshinoi (Naruhashi 2001).

Chloroplast phylogeny of Japanese Rubus

The chloroplast phylogenies (Fig. 3; Online Resoures 6 and
7) showed a basal divergence of the pedatus-chamaemorus
clade. They also demonstrated the early divergence of the
sect. Spectabiles clade, R. pseudojaponicus, and R. ike-
noensis. These were resolved as a single clade in the partial
phylogenies, whereas R. pseudojaponicus and R. ikenoensis
belonged to separate lineages at the root of clade A (stated
below) in the complete phylogenies.

The rest of the Japanese Rubus were resolved in three
major clades, namely A, B1, and B2, for comparison with
the ITS phylogenies. Clade A contained sects. Peltati,
Microphylli, Rosifolii, and Corchorifolii and was rooted
by ancient Asian lineages (R. ellipticus, R. pinfaensis, R.
columellaris, R. macilentus, and R. simplex). R. peltatus
was the earliest branching in this clade, and the other spe-
cies were split into three subclades (A1-A3). Subclade A3
comprises sect. Microphylli and yielded patterns similar to
those of the ITS phylogeny; R. pseudoacer, R. trifidus, and
R. boninensis formed a distinct clade within which R. pseu-
doacer first diverged. Species monophyly was supported for
R. pseudoacer and R. boninensis, whereas R. nishimuranus
and R. X medius both joined the trifidus lineage. In contrast,
the sister subclade was a mixture of sects. Rosifolii and Cor-
chorifolii. In the complete phylogeny, it was split into two
distant lower clades corresponding to sects. Rosifolii (A2)
and Corchorifolii (A1), except for R. sumatranus (sect. Rosi-
folii) included in Al. In the partial phylogeny, R. sumatra-
nus, R. chingii, and R. corchorifolius formed the first branch-
ing internal clade, and the rest were placed in subclades Al
and A2. Within A1, species monophyly was supported for
R. kisoensis (locally endemic) and R. grayanus, whereas R.
palmatus, R. ribisoideus, and their hybrid R. X inaequiacu-
leatus made an unresolved group. Within A2, R. illecebrosus
was monophyletic, and the rest were split into two groups:
one group included R. croceacanthus, R. minusculus, and
R. okinawensis, and the other was formed by R. hirsutus
and two Chinese species (R. rosifolius and R. eustephanus).

Clade B in the ITS phylogenies was divided into two
separate clades (B1 and B2) in the chloroplast phylog-
enies. Subclade B1 included various subgenera (Malacho-
batus, Chamaebatus, Dalibardastrum, Cylactis and Idaeo-
batus), in which the Japanese species splitted into three
lower clades: First, R. pectinellus formed a clade with R.
calycinus, the other Asian Chamaebatus species. Second,
R. pungens formed a clade with R. leucodermis and R.
idaeus cultivars. Finally, all the Japanese Malachobatus
species belonged to the Malachobatus/Dalibardastrum
clade (Wang et al. 2016), in which R. sieboldii formed
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Fig.3 Summarized phylogenetic tree estimated with BI and ML
methods, based on the chloroplast DNA sequences obtained from
this study (shown in bold) and from Wang et al. (2016) (with the pre-
fix “W_"). The numbers of conspecific sequences in the same (col-

a lower clade with R. X utchinensis (R. nesiotes X R. sie-
boldii). Subclade B2 included various sections of subg.
Idaeobatus and was further split into two lower clades,

lapsed) branches are shown in parentheses. The numbers at each
node refer to the posterior probabilities/bootstrap values. An original
version of the chloroplast BI and ML phylogenies is given in Online
Resources 5

one of which was exclusively occupied by R. idaeus (sect.
Idaeanthi) and cultivars. Japanese species of sect. Parvi-
folii were all included in the other.
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Consensus network analysis

A consensus network combining chloroplast and ITS gene
trees is shown in Fig. 4. It represents common phylogenetic
structures; the chamaemorus-pedatus clade was the most
anciently diverged, followed by the early divergence of R.
vernus, R. pseudojaponicus, and R. ikenoensis. The rest of
the Japanese Rubus species evolved into two major groups.
The first includes Japanese species with a shoot-tip propa-
gation system, starting with sects. Idaeanthi and Parvifolii
of subg. Idaeobatus, leading to sect. Pungentes and subg.
Chamaebatus and Malachobatus. The other is represented
by species shooting from subterranean runners, leading
to sects. Corchorifolii, Microphylli, Rosifolii, and Peltati
of subg. Idaeobatus. Moreover, it represented the hybrid
nature of species, such as R. X nakaii, R. X medius, and R.
nishimuranus, which were all placed in intermediate posi-
tions between R. trifidus and the branches leading to the
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other putative parental species, that is, R. ribisoideus, R.
microphyllus, and R. hirsutus. R. X utchinensis was placed
between R. swinhoei and R. sieboldii. However, the hybrid
status of R. X inaequiaculeatus (R. palmatus X R. ribisoideus)
was not confirmed because of close relationships between

the parental species.
Estimation of divergence time

In both the ITS and chloroplast data, the UCLN was chosen
by Bayes factor analysis (Online Resource 8). The estimated
divergence times at representative nodes based on the UCLN
model are presented in Fig. 5 and Table 2. The grown age, or
the first divergence of Rubus includingchamaemorus-peda-
tus lineage, was around 32.96-34.11 Mya (the late Eocene).
The stem ages of the sect. Spectabiles (including R. vernus),
R. ikenoensis, and R. pseudojaponicus were all estimated
to be around 19.38-25.22 Mya (the early Miocene). The
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Fig.4 Consensus network combining a chloroplast and two ITS phylogenetic trees, which are pruned to retain representative Rubus species
along with putative hybrid species. Hybrid taxa are in boxes. Section names are indicated only for Japanese species of subg. Idaeobatus
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stem age of the sects. Corchorifolii, Rosifolii, Microphylli,
and Peltati also estimated around 17.53-21.41 Mya in the
early Miocene. The crown age of the sect. Corchorifo-
lii (along with R. peltatus or R. sumatranus) was around
1275-15.11 Mya, with the stem age of R. grayanus being
approximately 6.1-7.67 Mya. Within sect. Microphylli, the
stem and the crown ages of the thornless lineage (i.e., R.
pseudojaponicus, R. trifidus and R. boninensis) were around
12.09-12.68 Mya and 6.85-8.29 Mya, respectively. The
stem age of R. sieboldii was around 3.31-4.62 Mya.

Phylogenetic signal and ancestral state
reconstruction

Both Blomberg's K and Pagel’s A suggested significant phy-
logenetic signals (at p=0.01) of leaf compoundness, stem
thorniness, and vegetative reproduction in both phylogenies.
Phylogentic signal was also significant for fruit color in the
ITS phylogeny, but in the chloroplast phylogeny, this was
only the case for Pagel’s A (Table 3). Ancestral state recon-
structions (Fig. 6, Online Resource 9) suggested that non-
reddish (white, yellow/orange, and black) fruit colors are
descendant traits in Rubus. The ancestral state of leaf shape
was incongruent between genes, where common ancestors of
the core Rubus were prone to have ternate and digitate-prone
leaves in the ITS and chloroplast phylogenies, respectively.
However, they commonly demonstrated a trend toward spe-
cialized descendants in clade A with either simple or pin-
nately compound leaves. The unarmed lineages in the core
Rubus were suggested to have developed multiple times from
a common armed ancestor of the core Rubus. The results
also indicated an ancestral polymorphism of vegetative
reproductive traits and character fixation in the descendant
lineages of subg. Idaeobatus.

Discussion

Ancestral positions of Rubus pedatus and R.
chamaemorus

The ancestral positions of R. pedatus and R. chamaemorus
have already been shown in many previous studies (Alice
and Campbell 1999; Carter et al. 2019; Michael 2006), and
their sister relationships have been found frequently (e.g.,
Michael 2006; Carter et al. 2019). Rubus chamaemorus has
many different characteristics from R. pedatus, such as leaf
shape (simple vs. digitate), sex expression (unisexual vs.
bisexual), and ploidy level (octaploid vs. diploid), although
both are herbaceous perennial plants with red, pulpy fruits
and a northern geographic distribution. Rubus chamaemorus
may have originated from a common ancestor with R. peda-
tus by polyploidization, which drove the morphological

changes. Michael (2006) suggested the possibility of allopol-
yploid origin of R. chamaemorus based on its two divergent
alleles in the nuclear GBSSI gene, implying that further
genomic studies are required to understand its speciation.
The estimated divergence of this lineage in the early Oligo-
cene (33-34 Mya) could be supported by the occurrence of
fossils in Eurasia during the Oligocene (Bozukov et al. 2008;
Pavlyutkin et al. 2011), although it was much more ancient
than originally reported (Carter et al. 2019).

Early divergence of Rubus vernus, R.
pseudojaponicus, and R. ikenoensis

The major clade comprising the rest of Rubus, hereafter
referred to as the “core Rubus” clade, was identical to ‘clade
A’ in Alice and Campbell (1999) and ‘groups 3-8 in Carter
et al. (2019). Three northern species in Japan within the
core Rubus clade, R. vernus, R. pseudojaponicus, and R.
ikenoensis, were assigned to early diverged lineages, which
deviated during the end of the Oligocene and the early Mio-
cene (Fig. 5 and Table 2).

Early divergence and monophyly of the sect. Spectabiles
clade confirmed the primitive status of this section, which
has distinctive thornless (or mostly thornless) bodies, trifoli-
ate (sometimes trilobed) leaves, and pinkish-purple petals.
The sister polytomy in this clade illustrates their migration
history. Independent derived mutations (data not shown) in
R. vernus and R. hawaiensis suggest they immigrated inde-
pendently from their ancestral area (R. spectabilis). Rubus
vernus most probably migrated via the Bering land bridge
(Wen et al. 2016) during the late Miocene.

Rubus pseudojaponicus, R. arcticus, and R. pubescens of
subg. Cylactis share the traits of being perennial herbs with
unarmed stems and three- or five-lobed leaves, and that they
are distributed across the Arctic or subarctic regions of the
Northern Hemisphere; R. pseudojaponicus is limited to the
Japanese and Southern Kurile Islands, R. arcticus sensu lato
has a circumpolar distribution, and R. pubescens is restricted
to North America. The sister relationship between R. pseu-
dojaponicus and R. arcticus, which is allied with R. pube-
scens, may suggest a biogeographic origin of this group in
the North American continent and migration into Asia.

In contrast, R. ikenoensis formed a unique lineage in
which no related species were identified. This species resem-
bles R. pseudojaponicus but is distinguished by its biennial
stems, bristly stem hairs, petioles, peduncles, and nodding
flowers without petals (Naruhashi 2001). The taxonomic
treatment of R. ikenoensis remains controversial. The spe-
cies was first classified as a synonym of R. defensus in sect.
Saxatiles (subg. Cylactis) and then transferred to sect. Pun-
gentes. Currently, it is in the monotypic section Ikenoenses
(subg. Idaeobatus). Our results support the argument on the
uniqueness of this species by Naruhashi (2001), although

@ Springer



20 Page120f19

S. Kikuchi et al.

ITS

—

W_Rosa_banksiae_R156
W_Fragaria_vesca_F0155
AC_Dalibarda_repens_1
AC_deliciosus
AC_trilobus

AC_odoratus
AC_parviflorus_a

AC_lasit 1

AC_chamaemorus
chamaemorus_K16_1
AC_pedatus
pedatus_K49
vernus_K15_1

—
AC.

-t
spectabilis_TGU
i "K18_1

=
=

70

b

60

50

40

30

10

o4

Paleocene |

Eocene

Oligocene

Miocene

[P M

Chloroplast

AC_| 2
AC_arcticus_1
pseudojaponicus_17996
W_Arapaho_R142
W_amabilis_R227
mesogaeus_24267
yoshinoi_HRS033_1
parvifolius_HRS106
AC_saxatilis_a
idaeus_K41
phoenicolasius_gfsk0066
pungens_K53_1
pectinellus_HRS073_1
W_fockeanus_R2523
W_pentagonus_R223
sieboldii_23279
buergeri_K29_1
W_lambertianus_R116
W_bambusarum_R145
W_swinhoei_R2015
AC_humulifolius_a_1
W _ellipticus_R112
W_pinfaensis_R102
peltatus_K05
corchorifolius_22597
chingii_K31
grayanus_19411
palmatus_25187_2
kisoensis_24341_1
ribisoideus_K36
W_columellaris_R2002
sumatranus_K89
illecebrosus_KO01_1
okinawensis_23271
croceacanthus_K81_1
hirsutus_24625
minusculus_K90_1
W_macilentus_R2501
W_simplex_R2321
crataegifolius_nakata021
microphyllus_23653
subcrataegifolius_K10_1
pseudoacer_K50
boninensis_K44
trifidus_K77_1

(Mya)

W_Rosa_banksiae_R156
W_Fragaria_vesca_F0155
chamaemorus_K16
pedatus_K49
W_Arapaho_R142
idaeus_K41
W_amabilis_R227
mesogaeus_24267

_gfsk0066
yoshinoi_HRS033
parvifolius_HRS106
vernus_K15
pectinellus_HRS073
pungens_K53
W_fockeanus_R2523

W _pentagonus_R223
sieboldii_23279
buergeri_K29
‘W_lambertianus_R116
‘W_bambusarum_R145
W_swinhoei_R2015
pseudojaponicus_17996
ikenoensis_K18
W_ellipticus_R112

W _pinfaensis_R102

W.

~ is_R2002
W_macilentus_R2501
W_simplex_R2321
peltatus_K05
ifolius_nakata021

microphyllus_23653

subcrateagifolius_K10

pseudoacer_K50

boninensis_K44

trifidus_K77
L

K89
corchorifolius_22597
chingii_K31
grayanus_19411

@ Springer

60

50

30

o

Paleocene

Eocene

Oligocene

Miocene

[ PLIM

kisoensis_24341
palmatus_25187
ribisoideus_K36
illecebrosus_KO01
hirsutus_24625
minusculus_K90
okinawensis_23271
croceacanthus_K81

(Mya)



Phylogeny of Japanese Rubus

Page 130f 19 20

«Fig.5 Bayesian divergence time estimates of Japanese Rubus spe-
cies in millions of years ago (Mya) based on a ITS and b chloroplast
sequences. Pinkish bars at each node indicate 95% highest posterior
density (HPD) intervals. The numerical average estimates of diver-
gence time (with 95% HPD) for the representative node (the lettered
nodes) are given in Table 2. Abbreviation of the periods: Pl—Plio-
cene, [IV—Quaternary. Mean divergence time and 95% HPD for let-
tered nodes (A-J) were given in Table 2

the taxonomic placement within subg. Idaeobatus should
be revised.

Phylogenetic relationships between major Rubus
lineages

The ITS and chloroplast phylogenies displayed similar phy-
logenetic structures. Major incongruence was the unresolved
clade B in the ITS phylogenies, which split into two distinct
clades (clades B1 and B2) in the chloroplast phylogenies
(Figs. 2 and 3), and in the recent studies based on nuclear
genomic information (Carter et al. 2019; Wang et al. 2016).
This is likely due to incomplete lineage sorting in the ITS
region, because similar clades with B1 and B2 in the chloro-
plast phylogenies were also recovered in recent studies based
on nuclear genomic information (Carter et al. 2019; Wang
et al. 2016), and in “partial ITS phylogeny” constructed
based on our original sequences (not shown). Nevertheless,
as visualized in the consensus network (Fig. 4), we can con-
clude that Japanese Rubus evolved into two major groups
(subdivided into three major groups), which overlap with
those (groups 4, 5, and 7) displayed by Carter et al. (2019).

The monophyletic lineage (clade A) containing the four
sections, Microphylli, Rosifolii, Corchorifolii, and Peltati
(subg. Idaeobatus), has been detected in many previous stud-
ies (Alice and Campbell 1999; Morden et al. 2003; Okada
et al. 2020; Wang et al. 2016; Yang et al. 2012), however,
this has not received sufficient attention. This mostly East
Asian lineage exclusively has subterranean runners as a
form of vegetative reproduction (Nesme 1985; Suzuki 1990,
1987). In contrast, species of clade B (B1 and B2), except
for R. idaeus, propagated by rooting at the apices of their
stems (Naruhashi 2001). As stated later, these two con-
trasting strategies in vegetative reproduction in Rubus may
have existed as an ancestral polymorphism and specialized
in these descendant lineages (Fig. 6). Presently, the diver-
gence of this lineage can be traced back to the early Miocene
(18-21 Mya), which might be an era of Rubus diversification
(Fig. 5, Table 2). This is consistent with the European fossil
records, which suggested that Rubus had diverse and com-
mon elements by the late Miocene (DeVore and Pigg 2007;
Huang et al. 2015).

Tip-rooting lineages of Idaeobatus and subg.
Malachobatus/Chamaebatus

Although the chloroplast phylogenies recover two clades
(B1 and B2), which mostly divide the polyploidy subg.
Malachobatus and Chamaebatus from the others, both
clades are still taxonomically complex, covering several
subgenera and polyploidy levels (Fig. 3). In particular, the
placement of R. pungens (sect. Pungentes) near the subg.
Malachobatus/Chamaebatus was not congruent with the
nuclear phylogenies in previous studies (Carter et al. 2019;
Morden et al. 2003; Wang et al. 2016), nor supported by
any morphological traits, and was therefore considered to
be the result of ancient introgression following hybridiza-
tion or incomplete lineage sorting.

The sister relationships between the two Asian Chamae-
batus members were clearly resolved in both phylogenies.
Rubus pectinellus is a hexaploidy, perennial creeping plant
with semi-woody prickly stems and simple leaves and is
only distinguished from R. calycinus by its deeply digi-
tately divided stipules. However, New World species of
subg. Chamaebatus belonged to a different clade, suggest-
ing the need for taxonomic revisions.

The only robust inference for species-level divergence
was the derived monophyletic lineage of R. sieboldii
within subg. Malachobatus. This warm-temperate species
evolved recently from a species complex of Malachobatus,
probably in the Pleistocene (Fig. 5, Table 2). A cytogenetic
study by Iwatsubo and Naruhashi (1993) considered this
species to be an allotetraploid of hybrid origin. Although
the hybrid nature of this species has not been proven, the
recent divergence may have been triggered by such an
event.

Some insights into the species circumscription of Jap-
anese Malachobatus were also obtained. For example,
although rare, locally endemic R. nesiotes was not available,
the phylogenetic position of R. X utchinensis (R. nesiotes X R.
sieboldii) implies a close affinity between R. nesiotes and R.
swinhoei. Hybridization, perhaps with R. buergeri, was sus-
pected for the Japanese accession of R. lambertianus; there-
fore, we employed a Chinese accession for some analyses.
The hybrid may have arisen by chance in a botanical garden
or may have occurred in its small populations in Japan. Of
the diverse taxa of subg. Idaeobatus within this group, it is
noteworthy that the chloroplast phylogenies revealed a dis-
tinctive divergence of R. idaeus and its allies, which excep-
tionally have subterranean runners in this clade (Nesme
1985). Moreover, the taxonomically controversial lineage
comprising R. idaeus and R. saxatilis (subg. Cylactis) in the
ITS phylogenies (Alice and Campbell 1999) might reflect
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Table2 Mean divergence time estimates (Mya) and the 95% highest posterior density (HPD) intervals of the representative nodes (lettered

nodes in Fig. 5) for Japanese Rubus species and lineages based on ITS and chloroplast sequences

Nodes Phylogenetic events Mean [95% HPD] estimates of divergent time
(Mya)
ITS Chloroplast
A Divergence of “core Rubus” 32.96 [16.550.04] 34.11 [20.1847.42]
A' Vicariance of R. chamaemorus 5.71[1.4510.98] -
B Divergence of sect. Spectabiles (R. vernus) 23.94 [12.0436.75] 19.79 [8.0226.43]
B' Vicariance of sect. Spectabiles 5.81[1.111.98] -
C Divergence of R. ikenoensis 21.84 [11.0333.24] 25.22 [15.2436.04]
D Divergence of R. pseudojaponicus and its allies 19.38 [9.5628.97]
D' Vicariance of R. pedatus and its allies 3.12 [0.357.64] -
E Divergence of underground-branching sections of subgen. Idaeobatus 17.53 [8.8426.89] 21.41[12.9730.59]
F Divergence of primitive Corchorifolii species (4 R. peltatus or R. sumatranus) 12.75 [5.8920.28] 15.11 [8.4122.08]
G Divergence of R. grayanus 7.67 [2.712.15] 6.1[2.1610.86]
1 Divergece of thornless Microphylii lineage 12.68 [5.5919.12] 12.09 [6.2118.46]
T Divergence between R. trifidus group and R. pseudoacer 6.85[2.1811.99] 8.29 [3.6713.62]
H Divergence of R. illecebrosus 8.16 [3.213.43] 8.54 [4.0313.12]
J Divergence of R. sieboldii 3.31[0.816.69] 4.62 [1.488.24]

Table 3 The results of

o Traits ITS Chloroplast

phylogenetic signal tests

(Blomberg’s K and Pagel’s 1) K p A p K p A p

for five morphological traits

against ITS and chloroplast Petal color 0.132 0.135 0.547 0.028 0.055 0.97 0.000 1

phylogenies Fruit color 0.300 0.004 0.625 <0.001 0.107 0.112 0436 <0.001
Leaf shape 0.259 0.001 0.804 <0.001 0316 0.001 0945 <0.001
Stem prickles 0.501 0.001 0.606 <0.001 0405 0.001 0405 <0.001
Vegetative reproduction ~ 0.764  0.001  1.000 <0.001 0.870 0.001 1.000 <0.001

Values suggesting significant phylogenetic signals were shown in bold

speciation events through hybridization and polyploidiza-
tion. In contrast, the poor phylogenetic resolution of sect.
Parvifolii in all phylogenies might be attributed to inter-
specific hybridization, slow evolutionary rates, polyphyletic
species, or taxonomic complications.

Divergence of subg. Idaeobatus shooting
from subterranean runners

Sects. Peltati, Microphylli, Rosifolii, Corchorifolii, and
Nishimurani of subg. Idaeobatus commonly have subterra-
nean runners and white flowers in a cluster or corymbs and
exclusively have specialized in either simple or pinnately
compound leaves (Naruhashi 2001; Wang et al. 2016). They
are a major component (20 species) of the Japanese Rubus,
representing more than half of the species. However, their
phylogenetic positions have not been fully considered in
previous studies.

The long branch lengths among the inner subclades sug-
gested distinct divergence among the lineages. They mostly
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corresponded with the sectional classification, except for
the incongruent positions of four early-diverging species,
including R. peltatus (Peltati), R. sumatranus (Rosifolii), R.
corchorifolius, and R. chingii (Corchorifolii). It could sim-
ply be viewed as the placement of R. peltatus in the ITS
phylogeny, and R. sumatranus in the chloroplast phylogeny,
close to these two Corchorifolii species. The relatedness
among R. peltatus, R. corchorifolius, and R. chingii in the
ITS phylogenies may reflect some evolutionary processes
through shared characteristics, such as solitary nodding
flowers, pubescent ovaries, and simple leaves. The position
of R. sumatranus nested within the Corchorifolii clade in the
chloroplast phylogenies is a bit more counterintuitive, but it
may be supported by the presence of yellow to orange fruit
color. All these species are distributed in western Japan and
south-eastern Asia (to subtropical Asia for R. sumatranus),
which are known to be home to the relics of temperate plant
flora (Tang et al. 2018), which may have promoted interspe-
cific hybridization or organelle capture at an early stage of
diversification.
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Fig.6 The results of ancestral trait reconstruction for five morpho-
logical traits mapped onto the pruned ITS phylogenies. The BI trees
were pruned to retain one accession from the species for which the

Sect. Microphylli is a newly proposed taxon (Naruhashi
2001) for species previously classified in sect. Corchorifolii,
based on the inflorescence of erect corymbs, and the mono-
phyletic clade demonstrated in this study justifies this taxo-
nomic treatment. Within this clade, the distinct clade of R.
pseudoacer, R. boninensis, and R. trifidus notably suggests
the ecological divergence of the thornless lineage that may
have taken place during the mid-Miocene (Fig. 5, Table 2).
Of these, warm-temperate species (R. trifidus and R. bonin-
ensis) have specialized properties; they are both unarmed
evergreen plants that have glabrous receptacles, and they
only appear different in the glabrous calyx and orange fruit
of R. trifidus. R. trifidus is subendemic, found only in Japan
and Korea, and is abundant in the volcanic zones of the Izu
Peninsula and Izu Islands, whereas R. boninensis is only
reported from the Iwo Jima Islands, which are the southern
Izu Islands. R. boninensis was considered to be a species
derived from R. trifidus, as indicated by their progenitor-
derivative relationship in the ITS phylogenies. In contrast,
R. pseudoacer is an endemic species confined to the cool-
temperate subalpine zones of central and western Japan, and
it has morphological characteristics similar to those of the
rest of the Microphylli species, such as deciduous leaves
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and pubescent receptacles. The divergence between these
ecologically differentiated lineages potentially occurred
7-8 Mya in the late Miocene (Fig. 5, Table 2), which cor-
responded with the formation of the volcanic zone in Japan
(Maruyama et al. 1997). The rest of the Microphylli species
showed no apparent phylogenetic structure, although the ITS
partial phylogeny showed an evolutionary trend from R. cra-
taegifolius to R. microphyllus.

Within the well-supported clade of derived Rosifolii spe-
cies, phylogenetic distinctiveness of R. illecebrosus and its
varieties was in accordance with their unique traits, includ-
ing annual and glabrous stems, in contrast to other perennial
shrubs.

The monotypic section Peltati (R. peltatus) with unique
morphological features, including large peltate leaves and
stalked torus (receptacles), was supported in our chloroplast
phylogenies; however, these findings are inconsistent with
those of Wang et al. (2016), who placed R. peltatus within
the Malachobatus clade. We attribute this to possible misi-
dentification with other species of subg. Malachobatus with
peltate leaves.

The monophyletic clade comprising R. grayanus, R. pal-
matus, R. kisoensis, R. ribisoideus, and their allies suggested
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a recent radiation of Corchorifolii species. Within this
derived lineage, the most southerly distributed species, R.
grayanus, was the earliest diverged, presumably during the
late Miocene (6—8 Mya). However, Mimura et al. (2014)
proposed a much more recent divergence (ca. 1 Mya) of
R. grayanus based on multiple nuclear loci. Although this
incongruence may have arisen due to methodological differ-
ences, post-divergence hybridization and introgression may
have resulted in heterogeneous genealogies during specia-
tion, as suggested by our data (R. palmatus var. yakumonta-
nus) and Mimura et al. (2014). Another distinct clade was
formed for R. kisoensis in the chloroplast phylogenies. This
is a locally endemic species in Central Honshu and has been
treated as a variety of R. palmatus. The monotypic clade in
the chloroplast sequences might justify its independent taxo-
nomic status, although further studies are needed to reveal
the species status.

Trait evolution in Japanese Rubus

Although ancestral trait reconstructions based on lim-
ited taxon sampling might be biased, it could at least pro-
vide some insights, especially on trait evolution in subg.
ldaeobatus (Fig. 5, Online Resource 9). As suggested by
Alice and Campbell (1999), thorns evolved in the core
Rubus and were lost multiple times. Similarly, fruit colors
other than red—purple were all derived traits that occurred
independently.

The expected ancestral trait of ternate leaves or equivocal
state of the core Rubus was concordant with that of Alice
and Campbell (1999), as exemplified by the occurrence of
various types of leaves in the earliest-diverging lineages of
Rubus. Moreover, the independent treatment of compound
leaf types in this study may propose a novel perspective, that
is, the evolution from labile leaf traits with simple to ternate/
digitate leaves to specialized simple or pinnately compound
leaves.

The specialization of traits was also inferred for vegeta-
tive reproduction. Ancestral polymorphism was represented
by the co-occurrence of both traits within the chamaemorus-
pedatus clade, the pseudojaponicus-arcticus clade, and the
idaeus-saxatilis clade, whereas descendant lineages of subg.
Idaeobatus (clade A, B1, and B2) propagated almost exclu-
sively by cane apices or by subterranean runners. Unfor-
tunately, it was difficult to reveal the process of character
fixation, as vegetative reproductive traits are only described
in limited species and not available for the relevant foreign
species from any literature.

Biogeography of Japanese Rubus

Distribution of Rubus in Japan is well understood and is
considered to be primarily controlled by climatic conditions

@ Springer

(Naruhashi and Satomi 1972), with some apparent phyloge-
netic constraints, such as those seen in subg. Malachobatus,
which is confined to warm-temperate to subtropical areas.
However, the results of our study provide important insights
into the biogeography of Japanese Rubus.

For example, six species, R. chamaemorus, R. pedatus,
R. pseudojaponicus, R. vernus, R. ikenoensis, and R. idaeus,
are northerly distributed species confined to subalpine zones
in Japan. Except for R. idaeus, they all belonged to the ear-
liest diverged lineages of Rubus. With the exception of R.
ikenoensis, these species or their allies occur widely in the
subarctic regions and high mountains of the Northern Hem-
isphere. The estimated divergence times of Japanese and
American lineages (3—6 Mya, Fig. 5 and Table 2) agreed
well with the ages of intercontinental vicariance reported in
angiosperms, suggesting that the divergence of these north-
ern species may have been instigated by the formation of
the Bering Strait (Wen et al. 2016). The phylogenetic inde-
pendence of R. ikenoensis is quite interesting from a biogeo-
graphic viewpoint. Northern Honshu, which R. ikenoensis is
confined to, also harbors a few endemic monotypic genera,
such as Pteridophyllum and Ranzania (Hotta 1974). Rubus
ikenoensis may be regarded as an old endemic species.

Another biogeographic feature is the high species diver-
sity of a lineage of subg. Idaeobatus (sects. Microphylli,
Rosifolii, Corchorifolii, and Peltati). All of them belong to
an Asian taxon (Focke 1910), and their monophyly repre-
sents an Asian radiation of the lineage propagating by sub-
terranean runner during the early Miocene.

Interestingly, two major lineages in sect. Microphylli
showed contrasting biogeographic patterns: the thornless
lineage comprised of subendemic (R. trifidus) or endemic
species (R. pseudoacer and R. boninensis), whereas the other
lineage contained common, widely distributed species (R.
microphyllus, R. subcrataegifolius, and R. crataegifolius).
Moreover, the species of the former lineage are ecologically
divergent, that is, R. trifidus and R. boninensis are warm-
temperate species in insular or coastal habitats, whereas
R. pseudoacer is confined to mountainous cool-temperate
or subalpine regions in western Japan. These distributions
suggest that the thornless species had been established and
survived in specialized habitats within the Japanese Archi-
pelago since the middle Miocene.

Similarly, sect. Corchorifolii also included two major
lineages with contrasting biogeographic patterns. The early
diverged species (R. corchorifolius and R. chingii) showed
relictual distributions in western Japan and China, whereas
all the other common species were proven to be derived
and newly evolved. This finding implies that there were two
major stages of the evolution of Corchorifolii species, with
the second phase of divergence occurring in the late Mio-
cene or later.
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The results of the phylogenetic analysis also represent
diverse evolutionary backgrounds of endemic species. As
stated above, R. ikenoensis, R. pseudoacer, and R. illece-
brosus can be regarded as old endemics. Based on their
sister relationships with allied species, R. vernus and R.
pseudojaponicus were considered to be of vicariant ori-
gin. Of all the local endemics, an oceanic island species
R. boninensis was derived from R. trifidus. In contrast, R.
sieboldii was suggested to be a new endemic species of
unknown origin that diverged during the late Miocene to
Pliocene.

Conclusions

This molecular phylogenetic study based on ITS and chlo-
roplast sequences provided significant insights into the
phylogenetic origins of Japanese Rubus. This revealed the
ancient origins of most of the northern species, along with
their intercontinental vicariance and phylogenetic unique-
ness (of R. ikenoensis). It also displays the two major evo-
lutionary groups (subdivided into three) of the rest of the
Japanese Rubus, and the diversification process within
them, particularly within a lineage of subg. Idaeobatus,
which specializes in subterranean runners as a form of
vegetative reproduction.

Information on Electronic Supplementary Mate-
rial

Online Resource 1. List of samples.

Online Resource 2. Primers used in this study.

Online Resource 3. List of data from published studies.

Online Resource 4. Best-fit models of substitution.

Online Resource 5. ITS phylogenies based on BI and ML methods.
Online Resource 6. Chloroplast phylogenies based on BI and ML meth-
ods.

Online Resource 7. Partial chloroplast phylogenies based on BI and ML
methods.

Online Resource 8. Marginal likelihood estimates of each molecular
clock model.

Online Resource 9. The results of ancestral trait reconstruction.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00606-022-01810-6.

Acknowledgements We are grateful to Dr. Goro Kokubugata, Dr.
Nobuyuki Tanaka, Mitsuru Ayabe, and Takahito Ideno for their help
with the collection of leaf samples from botanical gardens, and to
Dr. Hisato Kunitake, Dr. Yoichiro Hoshino, Michiharu Kato, and Dr.
Shuri Kato for providing samples for this study. We also thank Ayana
Okada and Akiko Hisamatsu for their support and contribution to the
laboratory work. Dr. Hiroshi Yoshimaru, Kensuke Yoshimura, Yasuko
Kawamata, and Chisako Furusawa are gratefully acknowledged for
providing DNA samples and sequence data from the DNA-barcoding
project. Our colleague, Dr. James Worth, kindly provided valuable

comments that greatly improved the manuscript. We would like to
thank Editage (www.editage.com) for English language editing.

Funding This study received financial support from the Japanese Soci-
ety for the Promotion of Science (JSPS KAKENHI Grant Numbers
20248017, 25292098, and 17K07571).

Declarations

Conflict of interest The authors declare that they do have no conflict
of interest.

References

Alice LA, Campbell CS (1999) Phylogeny of Rubus (Rosaceae) based
on nuclear ribosomal DNA internal transcribed spacer region
sequences. Amer J Bot 86:81-97. https://doi.org/10.2307/2656957

Alice L, Eriksson T, Eriksen B, Christopher S (2001) Hybridiza-
tion and gene flow between distantly related species of Rubus
(Rosaceae): evidence from nuclear ribosomal DNA internal tran-
scribed spacer region sequences. Syst Bot 26:769-778. https://doi.
org/10.1043/0363-6445-26.4.769

Blomberg SP, Garland T, Ives AR (2003) Testing for phylogenetic
signal in comparative data: behavioral traits are more labile. Evo-
lution 57:717-745. https://doi.org/10.1111/j.0014-3820.2003.
tb00285.x

Bozukov V, Palmarev E, Petkova A (2008) The fossil macroflora of
the Vulche Pole Molasse formation (SE Bulgaria). Phytol Balc
14:173-184

Carter KA, Liston A, Bassil NV, Alice LA, Bushakra JM, Sutherland
BL, Mockler TC, Bryant DW, Hummer KE (2019) Target capture
sequencing unravels Rubus evolution. Frontiers Pl Sci 10:1-18.
https://doi.org/10.3389/fpls.2019.01615

DeVore ML, Pigg KB (2007) A brief review of the fossil history of
the family Rosaceae with a focus on the Eocene Okanogan High-
lands of eastern Washington State, USA, and British Colum-
bia, Canada. P1 Syst Evol 266:45-57. https://doi.org/10.1007/
s00606-007-0540-3

Drummond AJ, Rambaut A (2007) BEAST: Bayesian evolutionary
analysis by sampling trees. BMC Evol Biol 7:214. https://doi.org/
10.1186/1471-2148-7-214

Edler D, Klein J, Antonelli A, Silvestro D (2021) raxmlGUI 2.0: a
graphical interface and toolkit for phylogenetic analyses using
RAxML. Meth Ecol Evol 12:373-377. https://doi.org/10.1111/
2041-210X.13512

Eriksson T, Donoghue MJ, Hibbs MS (1998) Phylogenetic analysis
of Potentilla using DNA sequences of nuclear ribosomal internal
transcribed spacers (ITS), and implications for the classification
of Rosoideae (Rosaceae). Pl Syst Evol 211:155-179. https://doi.
org/10.1007/BF00985357

Eriksson T, Hibbs MMS, Yoder ADA, Delwiche CFC, Donoghue MMJ
(2003) Phylogeny of Rosoideae (Rosaceae) based on sequences of
the internal transcribed spacers (ITS) of nuclear ribosomal DNA
and the trnL/F region of chloroplast DNA. Int J PI Sci 164:197-
211. https://doi.org/10.1086/346163

Eriksson O, Bremer B (1993) Genet Dynamics of the clonal plant
Rubus saxatilis. J Ecol 81:533-542. https://doi.org/10.2307/
2261531

Focke WO (1910) Species Ruborum. Monographiae generis Rubi
podromus. Pars 1. Biblioth Bot 17:1-120

Focke WO (1911) Species Ruborum. Monographiae generis Rubi pro-
dromus. Pars II. Biblioth Bot 17:121-223

@ Springer


https://doi.org/10.1007/s00606-022-01810-6
http://www.editage.com
https://doi.org/10.2307/2656957
https://doi.org/10.1043/0363-6445-26.4.769
https://doi.org/10.1043/0363-6445-26.4.769
https://doi.org/10.1111/j.0014-3820.2003.tb00285.x
https://doi.org/10.1111/j.0014-3820.2003.tb00285.x
https://doi.org/10.3389/fpls.2019.01615
https://doi.org/10.1007/s00606-007-0540-3
https://doi.org/10.1007/s00606-007-0540-3
https://doi.org/10.1186/1471-2148-7-214
https://doi.org/10.1186/1471-2148-7-214
https://doi.org/10.1111/2041-210X.13512
https://doi.org/10.1111/2041-210X.13512
https://doi.org/10.1007/BF00985357
https://doi.org/10.1007/BF00985357
https://doi.org/10.1086/346163
https://doi.org/10.2307/2261531
https://doi.org/10.2307/2261531

20 Page180f 19

S. Kikuchi et al.

Focke WO (1914) Species Ruborum. Monographiae generis Rubi pro-
dromus. Pars III. Biblioth Bot 17:121-223

Gouy M, Guindon S, Gascuel O (2010) Sea view version 4: a mul-
tiplatform graphical user interface for sequence alignment and
phylogenetic tree building. Molec Biol Evol 27:221-224. https://
doi.org/10.1093/molbev/msp259

Hotta M (1974) History and geography of plants: evolutionary biology
in plants III. Sanseido, Tokyo (in Japanese)

Howarth DG, Gardner DE, Morden CW (1997) Phylogeny of Rubus
subgenus Idaeobatus (Rosaceae) and its implications toward colo-
nization of the Hawaiian islands. Syst Bot 22:433-441. https://doi.
0rg/10.2307/2419819

Huang YJ, Jacques FMB, Liu YSC, Su T, Ferguson DK, Xing YW,
Zhou ZK (2015) Rubus (Rosaceae) diversity in the late Pliocene
of Yunnan, southwestern China. Geobios 48:439—448. https://doi.
org/10.1016/j.geobios.2015.08.001

Hummer KE (2019) Rubus diversity. HortScience 31:182—183. https://
doi.org/10.21273/hortsci.31.2.182

Huson DH, Bryant D (2006) Application of phylogenetic networks in
evolutionary studies. Molec Biol Evol 23:254-267. https://doi.
org/10.1093/molbev/msj030

Iwatsubo Y, Naruhashi N (1991) Karyomorphological and cytogeneti-
cal studies of Rubus parvifolius, R. coreanus and R. X hiraseanus
(Rosaceae). Cytologia 56:151-156. https://doi.org/10.1508/cytol
ogia.56.151

Iwatsubo Y, Naruhashi N (1993) Cytogenetical study of Rubus X
tawadanus (Rosaceae). Cytologia 58:217-221

Iwatsubo Y, Aoki M, Mishima M, Naruhashi N (1996) Cytogenetic
relationship between Rubus croceacanthus and R. minusculus
(Rosaceae). Cytologia 61:163—167. https://doi.org/10.1508/cytol
ogia.61.163

Jinno T (1958) Cytogenetic and cytoecological studies on some Japa-
nese species of Rubus 1. Chromosomes. Bot Mag (Tokyo) 71:15—
23. https://doi.org/10.1266/jjg.33.201

Librado P, Rozas J (2009) DnaSP v5: a software for comprehensive
analysis of DNA polymorphism data. Bioinformatics 25:1451—
1452. https://doi.org/10.1093/bioinformatics/btp187

Lu LD (1983) A study on the genus Rubus of China. Acta Phytotax Sin
21:13-25 (in Chinese)

Lu LD (1985) Rubus. In: Yii DJ, Lu LT, Gu CZ, Guan KJ, Li CL (eds)
Flora Reipublicae Popularis Sinicae, vol 37. Science Press, Bei-
jing, pp 10-218 (in Chinese)

Lu LD, Boufford DE (2003) Rubus Linnaeus. In: Wu ZY, Raven PH
(eds) Flora of China 9. Science Press, Beijing, pp 195-285
Maruyama S, Isozaki Y, Kimura G, Terabayashi M (1997) Paleogeo-
graphic maps of the Japanese islands: plate tectonic synthesis

from 750 Ma to the present. Island Arc 6:121-142

Michael K (2006) Clarification of basal relationships in Rubus
(Rosaceae) and the origin of Rubus chamaemorus. Masters Theses
& Specialist Projects. Paper 250. Available at: https://digitalcom
mons.wku.edu/theses/250

Mimura M, Mishima M, Lascoux M, Yahara T (2014) Range shift and
introgression of the rear and leading populations in two ecologi-
cally distinct Rubus species. BMC Evol Biol 14:209. https://doi.
org/10.1186/s12862-014-0209-9

Miyashita T, Kunitake H, Yotsukura N, Hoshino Y (2015) Assessment
of genetic relationships among cultivated and wild Rubus acces-
sions using AFLP markers. Sci Hort 193:165-173. https://doi.org/
10.1016/j.scienta.2015.07.004

Morden CW, Gardner DE, Weniger DA (2003) Phylogeny and bioge-
ography of pacific Rubus subgenus Idaeobatus (Rosaceae) spe-
cies: investigating the origin of the endemic Hawaiian raspberry
R. macraei. Pacific Sci 57:181-197. https://doi.org/10.1353/psc.
2003.0018

Naruhashi N (1968) Notes on Japanese Rubus 1. Acta Phytotax Geobot
23:25-27 (in Japanese)

@ Springer

Naruhashi N (1971) Notes on Japanese Rubus 2. Acta Phytotax Geobot
25:4-9 (in Japanese)

Naruhashi N (2001) Rubus L. In: Iwatsuki K, Boufford DE, Ohba H
(eds) Flora of Japan IIb, angiospermae dicotyledoneae archichla-
mydeae (b). Kodansha, Tokyo

Naruhashi N (2010) Taxonomical notes on Asiatic Rubus (Rosaceae)
(5) Rubus yoshinoi and R. kulinganus. J Phytogeogr Taxon
58:43-46

Naruhashi N, Satomi N (1972) The distribution of Rubus in Japan.
I. Distribution maps. Annual Rep Bot Gard Fac Sci Kanazawa
Univ 6:1-12

Nesme X (1985) Respective effects of endocarp, testa and endosperm,
and embryo on the germination of raspberry (Rubus idaeus
L.) seeds. Canad J Pl Sci 65:125-130. https://doi.org/10.4141/
cjps85-017

Okada A, Kikuchi S, Hoshino Y, Kunitake H, Mimura M (2020) Phy-
logeny and trait variation of Japanese Rubus subgenus Ideaoba-
tus. Sci Hort 264:109150. https://doi.org/10.1016/j.scienta.2019.
109150

Pagel M (1999) Inferring the historical patterns of biological evolution.
Nature 401:877-884

Paradis E, Claude J, Strimmer K (2004) APE: Analyses of phyloge-
netics and evolution in R language. Bioinformatics 20:289-290.
https://doi.org/10.1093/bioinformatics/btg4 12

Pavlyutkin BI, Chekryzhov 1Y, Petrenko TI (2011) The Voznovo for-
mation: the reflection of the early Oligocene stage in the geo-
logical history of East Sikhote-Alin. Russ J Pacific Geo 5:47-63.
https://doi.org/10.1134/S1819714011010052

Posada D (2008) jModelTest: phylogenetic model averaging. Molec
Biol Evol 25:1253-1256. https://doi.org/10.1093/molbev/msn083

R Core Team (2020) R: a language and environment for statistical com-
puting (Version 4.0. 0). R Foundation for Statistical Computing,
Vienna. Available at: https://www.R-project.org/

Revell LJ (2012) phytools: An R package for phylogenetic comparative
biology (and other things). Meth Ecol Evol 3:217-223. https://doi.
org/10.1111/5.2041-210X.2011.00169.x

Ronquist F, Teslenko M, van der Mark P, Ayres DL, Darling A, Hohna
S, Larget B, Liu L, Suchard MA, Huelsenbeck JP (2012) Mrbayes
3.2: efficient bayesian phylogenetic inference and model choice
across a large model space. Syst Biol 61:539-542. https://doi.org/
10.1093/sysbio/sys029

Ryyninen A (1972) Arctic bramble (Rubus arcticus L.), a new culti-
vated plant. Ann Agric Fenn 11:170-173

Sarhanova P, Sharbel TF, Sochor M, Vasut RJ, Danc¢ak M, Travnicek
B (2017) Hybridization drives evolution of apomicts in Rubus
subgenus Rubus: evidence from microsatellite markers. Ann Bot
(Oxford) 120:317-328. https://doi.org/10.1093/aob/mcx033

Sochor M, Vasut RJ, Sharbel TF, Travni¢ek B (2015) How just a few
makes a lot: speciation via reticulation and apomixis on example
of European brambles (Rubus subgen. Rubus, Rosaceae). Molec
Phylogen Evol 89:13-27. https://doi.org/10.1016/j.ympev.2015.
04.007

Stamatakis A (2014) RAxML version 8: a tool for phylogenetic
analysis and post-analysis of large phylogenies. Bioinformatics
30:1312-1313. https://doi.org/10.1093/bioinformatics/btu033

Suzuki W (1987) Comparative ecology of Rubus species (Rosaceae)
1. Ecological distribution and life history characteristics of three
species, R. palmatus var. coptophyllus, R. microphyllus and R.
crataegifolius. P1 Spec Biol 2:85-100

Suzuki W (1990) Comparative ecology of Rubus species (Rosaceae) 1.
Reproductive characteristics of three Rubus species, R. palmatus
var. coptophyllus, R. microphyllus and R. crataegifolius. Pl Spec
Biol 5:263-275

Suzuki W (1997) Germination responses of Rubus palmatus var. copto-
phyllus and Rubus parvifolius seeds with different burial durations


https://doi.org/10.1093/molbev/msp259
https://doi.org/10.1093/molbev/msp259
https://doi.org/10.2307/2419819
https://doi.org/10.2307/2419819
https://doi.org/10.1016/j.geobios.2015.08.001
https://doi.org/10.1016/j.geobios.2015.08.001
https://doi.org/10.21273/hortsci.31.2.182
https://doi.org/10.21273/hortsci.31.2.182
https://doi.org/10.1093/molbev/msj030
https://doi.org/10.1093/molbev/msj030
https://doi.org/10.1508/cytologia.56.151
https://doi.org/10.1508/cytologia.56.151
https://doi.org/10.1508/cytologia.61.163
https://doi.org/10.1508/cytologia.61.163
https://doi.org/10.1266/jjg.33.201
https://doi.org/10.1093/bioinformatics/btp187
https://digitalcommons.wku.edu/theses/250
https://digitalcommons.wku.edu/theses/250
https://doi.org/10.1186/s12862-014-0209-9
https://doi.org/10.1186/s12862-014-0209-9
https://doi.org/10.1016/j.scienta.2015.07.004
https://doi.org/10.1016/j.scienta.2015.07.004
https://doi.org/10.1353/psc.2003.0018
https://doi.org/10.1353/psc.2003.0018
https://doi.org/10.4141/cjps85-017
https://doi.org/10.4141/cjps85-017
https://doi.org/10.1016/j.scienta.2019.109150
https://doi.org/10.1016/j.scienta.2019.109150
https://doi.org/10.1093/bioinformatics/btg412
https://doi.org/10.1134/S1819714011010052
https://doi.org/10.1093/molbev/msn083
https://www.R-project.org/
https://doi.org/10.1111/j.2041-210X.2011.00169.x
https://doi.org/10.1111/j.2041-210X.2011.00169.x
https://doi.org/10.1093/sysbio/sys029
https://doi.org/10.1093/sysbio/sys029
https://doi.org/10.1093/aob/mcx033
https://doi.org/10.1016/j.ympev.2015.04.007
https://doi.org/10.1016/j.ympev.2015.04.007
https://doi.org/10.1093/bioinformatics/btu033

Phylogeny of Japanese Rubus

Page 190f19 20

to a variable light and temperature regime. Ecol Res 12:167-174.
https://doi.org/10.1007/BF02523782

Tang CQ, Matsui T, Ohashi H, Dong YF, Momohara A, Herrando-
Moraira S, Qian S, Yang Y, Ohsawa M, Luu HT, Grote PJ, Krestov
PV, Ben LePage Werger M, Robertson K, Hobohm C, Wang CY,
Peng MC, Chen X, Wang HC, Su WH, Zhou R, Li S, He LY,
Yan K, Zhu MY, Hu J, Yang RH, Li WJ, Tomita M, Wu ZL, Yan
HZ, Zhang GF, He H, Yi SR, Gong H, Song K, Song D, Li XS,
Zhang ZY, Han P, Bin Shen LQ, Huang DS, Luo K, Lépez-Pujol
J (2018) Identifying long-term stable refugia for relict plant spe-
cies in East Asia. Nat Commun 9:1-14. https://doi.org/10.1038/
$41467-018-06837-3

Wang Y, Chen Q, Chen T, Tang H, Liu L, Wang X (2016) Phylogenetic
insights into Chinese Rubus (Rosaceae) from multiple chloroplast
and nuclear DNAs. Frontiers Pl Sci 7:1-13. https://doi.org/10.
3389/fpls.2016.00968

Wen J, Nie ZL, Ickert-Bond SM (2016) Intercontinental disjunctions
between eastern Asia and western North America in vascular

plants highlight the biogeographic importance of the Bering land
bridge from late Cretaceous to Neogene. J Syst Evol 54:469-490.
https://doi.org/10.1111/jse.12222

Yang J, Yoon HS, Pak JH (2012) Phylogeny of Korean Rubus
(Rosaceae) based on the second intron of the LEAFY gene. Canad
J P1 Sci 92:461-472. https://doi.org/10.4141/cjps2011-180

Zhang SD, Jin JJ, Chen SY, Chase MW, Soltis DE, Li HT, Yang JB, Li
DZ, Yi TS (2017) Diversification of Rosaceae since the Late Cre-
taceous based on plastid phylogenomics. New Phytol 214:1355—
1367. https://doi.org/10.1111/nph.14461

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1007/BF02523782
https://doi.org/10.1038/s41467-018-06837-3
https://doi.org/10.1038/s41467-018-06837-3
https://doi.org/10.3389/fpls.2016.00968
https://doi.org/10.3389/fpls.2016.00968
https://doi.org/10.1111/jse.12222
https://doi.org/10.4141/cjps2011-180
https://doi.org/10.1111/nph.14461

	Phylogenetic inferences using nuclear ribosomal ITS and chloroplast sequences provide insights into the biogeographic origins, diversification timescales and trait evolution of Rubus in the Japanese Archipelago
	Abstract
	Introduction
	Materials and methods
	Taxon sampling and DNA extraction
	PCR amplification and sequencing
	Phylogenetic reconstruction
	Estimation of divergence time
	Phylogenetic signal and ancestral state reconstruction

	Results
	Phylogeny of Japanese Rubus
	Chloroplast phylogeny of Japanese Rubus
	Consensus network analysis
	Estimation of divergence time
	Phylogenetic signal and ancestral state reconstruction

	Discussion
	Ancestral positions of Rubus pedatus and R. chamaemorus
	Early divergence of Rubus vernus, R. pseudojaponicus, and R. ikenoensis
	Phylogenetic relationships between major Rubus lineages
	Tip-rooting lineages of Idaeobatus and subg. MalachobatusChamaebatus
	Divergence of subg. Idaeobatus shooting from subterranean runners
	Trait evolution in Japanese Rubus
	Biogeography of Japanese Rubus

	Conclusions
	Acknowledgements 
	References




