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Abstract

Geographic and environmental isolations of islands and the mainland offer excellent opportunity to investigate colonization
and survival dynamics of island populations. We inferred and compared evolutionary processes and the demographic history
of Rhododendron tsusiophyllum, in the Izu Islands and the much larger island Honshu, treated here as the mainland, using
thousands of nuclear SNPs obtained by ddRAD-seq from eight populations of R. tsusiophyllum and three populations of R.
tschonoskii as an outgroup. Phylogenetic relationships and their habitats suggest that R. tsusiophyllum had evolved and
migrated from cold north to warm south regions. We detected clear genetic divergence among populations in three regions of
Honshu and the Izu Islands, suggesting restricted migration between them due to isolated habitats on mountains even in the
mainland. The three regions have different changes in effective population size, especially, genetic diversity and population
size of the Izu Islands are small compared to the others. Further, habitats of populations in the Izu Islands are warmer than
those in Honshu, suggesting that they have undergone adaptive evolution. Our study provides evidences of montane rather
than insular isolation on genetic divergence, survival of populations and significance of adaptive evolution for island

populations with small population size and low genetic diversity, despite close proximity to mainland populations.

Introduction

Islands are important centers of biodiversity and high plant
endemism, with species evolved after colonization (Kier
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et al. 2009). Analyses and modeling of populations on
islands are important for elucidating evolutionary roles of
geographic isolation, smaller population size and further
ecological processes (MacArthur and Wilson 1963). Popu-
lations on islands are often isolated and small comparing to
mainland populations, it is a resultant of colonization from
the mainland (Stervander et al. 2015). Their sustenance is
largely influenced by the balance between restricted colo-
nization due to isolation from other landmasses and
extinction depending on habitat areas, sometimes small on
islands (MacArthur and Wilson 1963; Warren et al. 2015).
After establishment of initial founding populations, sub-
sequent migration between islands and the mainland is an
important process underlying genetic divergence and evo-
lution on islands. The small areas of islands and their iso-
lation from the mainland are also considered to play
important roles in evolution, different to the mainland
(James et al. 2016). Their isolation restricts migration, so
colonizing populations generally have substantially lower
genetic diversity than the source populations. Thus, we can
expect differences in evolutionary and survival history
between populations on islands and those in the mainland to
be reflected in the genetic variation of the populations.
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Fig. 1 Species range and
locations of the eight analyzed
populations of Rhododendron
tsusiophyllum. Large and small
red dots indicate locations of
analyzed populations and
distribution records of the
species, respectively. The three-
letter strings are population
codes listed in Table 1.
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Comparison of island populations to mainland source
populations provide valuable insights regarding the survi-
val, evolution and endemism of island populations and
more general evolutionary processes (McGlaughlin et al.
2014; Nakamura et al. 2010). Further, environments on
islands and the mainland often differ, which promotes
adaptive evolution or speciation on islands (Gillespie 2004).
High environmental heterogeneity such as temperature and
precipitation are regarded as a major driver of such diver-
gent selection on islands (Juan et al. 2000; Weigelt et al.
2013).

The Fossa Magna element plants are a group of 30
endemic species or varieties of plants endemic to the Izu
Islands and the central part of Honshu Island of Japan
(Maekawa 1949; Takahashi 1971), located on the boundary
of four tectonic plates (Taira et al. 1998). In contrast to
typical oceanic islands, such as the Galapagos, Hawaiian
and Canary Islands, the Izu Islands, all of which are vol-
canic, are isolated by deep oceanic seaways (Fig. 1) but
geographically close to Honshu (treated as the mainland
here), thus many species are present on both the Izu Islands
and Honshu, and plants on the Izu Islands do not have high
endemism due to moderate isolation. Further the Izu Islands
are situated roughly along north-south line extending ca.
25480 km south of the mainland, so their geographic iso-
lation and species composition gradually changes farther
away from the mainland (Takahashi 1971). Some Fossa
Magna element plants (such as Alnus sieboldiana, Prunus
lannesiana and Swertia noguchiana) are endemic to the
central part of Honshu and the Izu Islands, while others
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(such as Calanthe izu-insularis and Lilium auratum var.
platyphyllum) are solely endemic to the Izu Islands. The
endemism restricted to the Izu Islands is thought to have
formed due to isolation from Honshu (Yamada and Maki
2012; Yamamoto et al. 2017), but migration or colonization
pattern for endemic species in both the Izu Islands and
Honshu are not known. More specifically, it is not known
whether this endemism formed through evolution on Hon-
shu followed by colonization of the Izu Islands or evolution
on the Izu Islands promoted by isolation followed by ‘re-
colonization’ (Bellemain and Ricklefs 2008; Stervander
et al. 2015) of Honshu. Thus, elucidation of processes
involved in the islands’ colonization, and comparison of
changes in the size of populations of species present on both
the Izu Islands and Honshu, which have widely differing
areas, could provide valuable insights regarding evolu-
tionary processes and their effects on islands (Warren et al.
2015).

Rhododendron tsusiophyllum Sugim. is a dwarf shrub
(<50 cm) and a member of the Fossa Magna element plants.
The species is restricted to slopes and ridges in upsides of
mountains including volcanos of both Honshu and the Izu
Islands in the Japanese archipelago, which are sunny, well-
drained and wind-swept, with sparsely distributed trees. As
such habitats are restricted on Honshu, it has an isolated
island-like distribution even on the mainland (Fig. 1). It
produces fine seeds (ca. 4 mg/100 seeds, W. Yoichi, per-
sonal observation), so the species presumably colonized the
Izu Islands by wind. Rhododendron tsusiophyllum is rare,
with restricted distribution and listed as vulnerable in the
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Table 1 Population code, locality and genetic diversity estimates for each sampled population.

Region Pop code Locality Altitude (m) Last eruption of volcano® N S Ho Hg (SE)
Chichibu ~ Tng Mt. Tenguyama, Nagano, Honshu 1800 Not volcanic 16 1524 0.091 0.102 (0.003)
Haf Mt. Hafuyama, Yamanashi, Honshu 2200 Not volcanic 16 1770 0.100 0.115 (0.003)
Hakone Oni Mt. Onigatake, Yamanashi, Honshu 1600 Not volcanic 16 1967 0.091 0.111 (0.002)
Nkg Mt. Nokogiridake, Shizuoka, Honshu 1300 ca. 80 Kyr 16 1825 0.099 0.111 (0.002)
Hkn Mt. Hakone-komagatake, Kanagawa, Honshu 1300 AD 2015 16 1952 0.093 0.114 (0.002)
Hnh Mt. Hinokihoramaru, Kanagawa, Honshu 1400 Not volcanic 8 1564 0.099 0.110 (0.003)
Izu Islands Kdz Mt. Tenjyoyama, Tokyo, Kozushima Island 550 AD 838 16 528 0.035 0.032 (0.002)
Mkr Mt. Nagatakiyama, Tokyo, Mikurajima Island 700 ca. 6 Kyr 16 389 0.021 0.025 (0.001)

Pop code population code, N number of analyzed samples, S number of polymorphic SNPs within a population, Hp observed heterozygosity, Hg

expected heterozygosity with standard error (SE).

“Last eruption of volcano was estimation from National Institute of Advanced Industrial Science and Technology (https://gbank.gsj.jp/volcano/Qua

t_Vol/Japan_retto/map6.html); Kyr, thousand years ago.

red list maintained by the Ministry of the Environment of
Japan (2019). Especially, the species’ habitat area is <1 km?
on Kozushima and Mikurajima Islands of the Izu Islands.
Moreover, all of the populations on the Izu Islands grow on
volcanic slopes, and a population on Miyakejima Island is
thought to have been extinguished by an eruption on AD
2000 (Kamijo and Hashiba 2003). Thus, the populations on
the Izu Islands are expected to be more vulnerable than
those on Honshu, because of their small size and volcanic
disturbance, and we expect this demographic difference
between populations on the two regions to be imprinted
within its genome. Although the species is rare, it can be
found in various habitats and ranges from cool temperate
and subalpine sites at 1000-2000 m altitudes on Honshu, to
warm temperate sites at 500—800 m altitudes on the Izu
Islands (Tanaka 1999). At its coldest limit, it shares habitats
with alpine or subalpine plants such as Rhododendron
aureum, Vaccinium vitis-idaea and Picea species, while at
its warmest limit broad-leaved evergreen trees or shrubs
such as Castanopsis sieboldii and Eurya japonica occur
(Tanaka 1999). Its closest relative, R. tschonoskii, which is
distributed in northern Honshu and Hokkaido, inhabits
areas with cold climates, including sites along the northern
limit of R. tsusiophyllum (Yoichi et al. 2019). Morphologies
of its branches and leaves slightly differ between
Honshu and the Izu Islands (Takahashi and Katsuyama
1992). Thus, we expect populations on the two regions to be
isolated by climatically not only by geographically, and
further to evolve against climatic differences (Weigelt et al.
2013).

In this study, we reconstructed evolutionary history and
characterized demographic history of R. tsusiophyllum,
focused on its colonization into islands using double digest
restriction-site associated DNA (ddRAD) sequencing. We
then tested the role of environmental variation in divergent

adaptation between populations on Honshu and the Izu
Islands. The aim of this study was to answer the following
questions: (i) Does R. tsusiophyllum colonize from
mainland to islands, or reversely? (ii) What is genetic
structure across islands and the mainland? (iii) What is
difference in genetic diversity and population size with its
historical changes? (iv) Does there exist habitat differ-
entiation between islands and the mainland? Our results will
provide new knowledge about colonization and evolution of
plant species, and conservation of genetic diversity on
islands.

Materials and methods
Plant material and DNA experiment

We collected sample leaves from up to 16 individuals, with
taking distance >20 m avoiding substructure within popu-
lations, from eight localities of R. tsusiophyllum and six
individuals from three localities of R. tschonoskii, which is
distributed in northern Honshu and Hokkaido, for use as an
outgroup (Yoichi et al. 2019), and immediately dried using
silica gel (Fig. 1, Table 1, Supplementary Table 1). These
collections were conducted in 2014-2017.

Genomic DNA was extracted from the samples using the
modified CTAB method (Murray and Thompson 1980) or a
DNeasy Plant Mini kit (Qiagen) after treatment with sor-
bitol buffer (Wagner et al. 1987). Genome-wide SNPs were
detected by ddRAD sequencing, using Peterson’s protocol
with some modifications (Peterson et al. 2012), as described
in Yoichi et al. (2019). Genomic DNA was digested with
Bglll and EcoRl, then digested fragments of 350—400 bp in
libraries were sequenced with 51 bp single-end reads using
a HiSeq2000 platform (Illumina, San Diego, USA).
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SNPs detection

After removing reads containing low-quality bases and
adaptor sequences from the raw data using Trimmomatic v.
0.33 (Bolger et al. 2014), SNPs were called by Stacks v.
1.48 (Catchen et al. 2013) including reads from the two
species with the following settings: minimum depth option
for creating a stack, -m 3; maximum distance between
stacks within an individual, -M 2; number of mismatches
between loci, -n 1; gapped option for creating stacks,
--gapped --max_gaps 6; and default settings for other
options. The SNP genotypes were called for eight popula-
tions of R. tsusiophyllum (set 1) and both eight populations
of R. tsusiophyllum and three populations, treated as one
group, of R. tschonoskii (set 2). For this, the Populations
program in Stacks was used with the following restrictions:
less than four minor alleles, --min_maf 0.013 or 0.011;
observed heterozygosity less than 0.5, --max_obs_het 0.5;
genotyping rate >60% of individuals within populations, -r
0.6; and present in all of the populations, -p 8 or 9. Pairwise
R? values for each SNP pair were calculated with PLINK
1.90b (Purcell et al. 2007), and loci with values >0.8 were
removed using the whitelist option in Populations to exclude
SNPs with high linkage. In addition, SNP genotypes for
three regions in R. tsusiophyllum (set 3), which were iden-
tified by population analyses (see Results), were called with
the following restrictions: include all minor alleles, --min_-
maf 0.00; observed heterozygosity <0.5, --max_obs_het 0.5;
genotyping rate >80%, 90% or 100% of individuals within
regions, -1 0.8, 0.9 or 1.0; present in all of the regions, -p 3;
and pairwise R” values for each SNP pair < 0.8.

Phylogenetic and population genetic analyses

Phylogenetic relationships among individuals, including or
excluding the outgroup species, were evaluated indepen-
dently by constructing a neighbor-net based on p-distances
using SplitTree4 (Bryant and Moulton 2004; Huson and
Bryant 2006). In addition, phylogenetic relationships
among populations, including or excluding outgroup spe-
cies, were evaluated by constructing neighbor-joining trees
based on D, distances (Nei et al. 1983). The significance of
nodes was evaluated from bootstrap probabilities based on
1000 replicates of the neighbor-joining method using
POPTREE2 (Takezaki et al. 2010).

The individual-based genetic structure in R. fsusio-
phyllum was inferred by the sparse non-negative matrix
factorization method using sNMF (Frichot et al. 2014).
Different numbers of ancestries (K) in the range 1-10 were
tested, and ranked using the cross-entropy criterion.

Coalescent-based phylogenetic relationships were infer-
red by Bayesian framework with visualization of uncer-
tainty in the majority-rule topology using SNAPP v. 2.4.7
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implemented in BEAST v. 2.4.7 (Bouckaert et al. 2014;
Bryant et al. 2012) from SNP set2 which include the out-
group species for rooting. Because SNAPP analysis requires
high computational intensity when using a large number of
SNPs and individuals, we extracted two samples with the
highest genotyping rate from each population of R. tsusio-
phyllum and four samples of R. tschonoskii to reduce
computational intensity (Stervander et al. 2015). We used
default settings for priors including forward («) and reverse
(v) mutation rates. Two independent Markov chain Monte
Carlo runs, each consisting of 1,000,000 iterations (saving
every 1000 steps), were conducted to confirm stationarity.
The convergence with effective sample size (ESS) for each
parameter over 200 was checked using TRACER v. 1.6
(Drummond and Rambaut 2007) and two runs were com-
bined after removing 10% as burn-in. A maximum-clade
credibility tree was generated using TreeAnnotator v. 2.4.7,
and topologies of trees and the consensus tree were visua-
lized using DensiTree v. 2.2.6 (Bouckaert 2010). Relative
migrations among regions based on Nm (Alcala et al. 2014)
were estimated using divMigrate function of R package
diveRsity v. 1.9.90 (Sundqvist et al. 2016) in R v.3.5.2 (R
Development Core Team 2019). Asymmetry in migrations
between regions was assessed by comparing 95% con-
fidence intervals based on 1000 bootstrap replicates.

Demographic analysis

Historical changes in population size in each region (Chi-
chibu, Hakone, and the Izu Islands) were reconstructed using
Stairway plot v. 2 (Liu and Fu 2015). This is a model-flexible
method for calculating changes of effective population size
over time from expected composite likelihood based on site
frequency spectrum (SFS). Folded SFS for each region was
calculated using Arlequin v. 3.5 (Excoffier and Lischer
2010). As missing data affect folded SFS estimates, SFSs
were calculated for the data with no missing values (-r 1.0 for
Population implemented in Stacks). As such datasets include
less SNPs than sets containing moderate levels of missing
data (-r 0.8 and 0.9), we compared distributions of expected
heterozygosity for the three types of datasets with different
genotyping rates (-r 0.8, 0.9 and 1.0) and evaluated whether
the small number of SNPs with no missing values in each
region had sufficient information for the demographic ana-
lysis. In calculation, as minor alleles enveloping sequence
errors cause deviations in estimates from true demographic
changes, we conducted simulations both with and without
singletons. Two hundred of bootstrap iterations were per-
formed for each estimation, with mutation rates of 7.1 x 107°
per site per generation, following Ossowski et al. (2010), to
scale generations and 7.1 x 10~ per site per year (assuming
a generation time of 10 years for the species) to scale theta
(@) to the effective population size (Ne).
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Climatic differentiation and association analyses

For evaluating differentiation of habitats or climatic niches of
R. tsusiophyllum, distributions of individuals, with removal of
duplications within each 30 arc-sec cell, were collected from
herbarium records (TT and TNS) and field observations. Basic
climatic variables at 30 arc-sec resolution were also obtained
from WorldClim (http://www.worldclim.org) and terrestrial
data at 1 arc-min resolution from the ETOPOI global relief
model (https://www.ngdc.noaa.gov/mgg/global/). Six tem-
perature and precipitation variables (annual mean temperature,
mean temperature of the warmest quarter, mean temperature of
the coldest quarter, annual precipitation, precipitation of the
warmest quarter, precipitation of the coldest quarter) and
altitude were chosen for evaluating habitat differentiation
likely to affect the species distribution. The climatic differ-
entiation among populations was evaluated by principal
component analysis (PCA) in R.

Evidence of natural selection was tested by analyzing
associations between allele frequencies and environmental
variables of populations by latent factor mixed modeling using
LFMM v. 1.4 of R package LEA v. 1.99 in R (Frichot and
Francois 2015, Frichot et al. 2013, 2015). LFMM uses each
environmental variable as a fixed effect within each model,
and includes a number of latent factors (K) as a covariate to
take account of effects of population structure. The annual
mean temperature, annual precipitation and precipitation of the
warmest quarter were used as representatives of climatic
variables and altitude, because other variables were highly
correlated (R*>>0.8) for analyzed locations. The number of
latent factors used was K =3, based on phylogenetic rela-
tionships among individuals and population genetic structure
(see Results). Five independent simulations were conducted
with 50,000 iterations after burn-in periods of 25,000. The z-
scores calculated from multiple runs for an environmental
variable were combined and re-adjusted to p values. Asso-
ciation between allele frequencies for each SNP and the
environmental variable were evaluated by adjusted p values (g
values) obtained using the Benjamini-Hochberg procedure
(Benjamini and Hochberg 1995) and considered to be outliers
if ¢<0.00001. Mean allele frequencies and 95% confidence
intervals for each candidate SNP and population were calcu-
lated by bootstrap resampling, based on 1000 replicates
using R.

Results

Phylogenetic patterns and population genetic
structure

The RAD-seq library yielded 197,461,828 reads with
1,645,515 on average per sample of Rhododendron

Tng Haf Hnh Oni Nkg
Chichibu

Izu Islands

Hakone

Fig. 2 Individual-based genetic structure inferred by sNMF. Dis-
tribution of ancestry coefficients with numbers of clusters (K) ranging
from 2 to 5.

tsusiophyllum (from 120 individuals), and 9,274,411 reads
with 515,245 on average per sample for the outgroup spe-
cies, R. tschonoskii (from 18 individuals) (Table S1). We
detected 4407 SNPs, with a genotyping rate of 91.50%
excluding the outgroup (set 1), and 3284 SNPs with a
genotyping rate of 92.17% including the outgroup (set 2).
Average coverage per locus (across all individuals) ranged
from 4.23 to 387.89 (35.44 on average) excluding the
outgroup, and from 4.90 to 357.84 (38.82 on average)
including the outgroup. The number of polymorphic SNPs
and expected heterozygosity within each population of R.
tsusiophyllum (set 1) ranged from 389 to 1967 and from
0.025 to 0.115, respectively (Table 1). These variables were
low for the two populations of the Izu Islands. The analysis
of phylogenetic relationships by neighbor-net identified
three groups, corresponding to populations of R. tsusio-
phyllum in Chichibu, Hakone and the Izu Islands, and
individuals from each population formed a distinct sub-
group (Supplementary Figs. 1 and 2). The grouping was the
same according to neighbor-nets with and without the out-
group. The neighbor-net including the outgroup indicated
that the outgroup was rooted between individuals in Chi-
chibu and the other two regions (Hakone and the Izu
Islands). The genetic structure of R. tsusiophyllum inferred
by sNMF corroborated these findings, indicating that three
was the optimal number of clusters (K) based on the cross-
entropy criterion. With K =3, each cluster dominated in
one of the three regions, in accordance with the neighbor-
net results (Fig. 2). When the number of clusters was
increased to K=15, the second most optimal number,
populations of Chichibu and the Izu Islands separated into
different clusters, respectively. Two runs of coalescent-
based phylogenetic relationships among populations by
SNAPP converged and combined data also identified the
three regions (Fig. 3). The consensus tree showed high
support for all nodes with the highest posterior probability
(PP = 1.0), suggesting lineage sorting among three regions.
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R. tschonoskii

Tng

Chichibu

Haf

Mkr

lzu Islands

Kdz

Hnh

Oni

Hakone

Nkg

Hkn

Fig. 3 Coalescence-based phylogenetic relationships among popu-
lations of Rhododendron tsusiophyllum including an outgroup
species estimated using SNAPP. Thin gray lines indicate individual
trees and black bold lines indicate the consensus tree. Posterior
probabilities for all of nodes are 1.00.

The topology indicated that the outgroup was rooted
between populations in Chichibu and the other two regions,
corroborating the relationships identified by the neighbor-
net analysis. High relative migration rates among regions
were assessed between Chichibu and Hakone, and low
relative migration rates were assessed between Chichibu
and the Izu Islands (Supplementary Fig. 3). Asymmetric
migrations were supported only the pair between Hakone
and the Izu Islands.

Population size and its historical changes in the
three regions

The number of SNPs detected in Chichibu, Hakone and the
Izu Islands were 4949, 7211 and 1403 SNPs, respectively,
with a missing rate filter (-r 0.8); 3304, 4091 and 814 SNPs,
respectively (-r 0.9); and 799, 822 and 227 SNPs, respec-
tively (-r 1.0). Violin plots of expected heterozygosity dis-
tribution for each region under three mentioned missing rate
filters showed similar pattern that loci with low hetero-
zygosity were most frequent in Hakone despite large
number of polymorphic SNPs (Supplementary Fig. 4). It
was concordant with the pattern that loci with rare alleles
(minor allele frequency <0.05) were most frequent in
Hakone with the folded SFS obtained for each region with
no missing values (Supplementary Fig. 5). The patterns of
effective population size changes estimated by stairway
plots including or excluding singletons were similar within
each region (Supplementary Fig. 6). Effective population
sizes tended to be smaller in the Izu Islands than in the other
two regions (Fig. 4). They also notably increased in Hakone
and (to a lesser degree) Chichibu from 10,000 to 100,000
generations ago, while that of the Izu Islands slightly
increased from 1000 to 5000 generations ago.
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Fig. 4 Changes in effective population size in each region recon-
structed by stairway plots based on site frequency spectrum. Lines
show median and shaded areas show 95% highest posterior probability
densities (95% HPDs). Numbers of generations are log-scaled.

Habitat differentiation based on environmental
factors and identification of outlier loci

Each environmental variable was extracted for 25 localities
including analyzed populations. Three representative vari-
ables—altitude, annual mean temperature, and annual pre-
cipitation—ranged from 518 m to 2411m, 0.8°C to
14.2 °C, and 1678 mm to 2816 mm, respectively. The three
regions were distinguished by the PCA based on seven
environmental and geographical variables, especially
localities of the Izu Islands, which were clearly dis-
tinguished from localities of Chichibu and Hakone along
the first principal component (PC1, Fig. 5). The first axis
explained 74.4% of the total variance, and was mainly
related to the temperature and altitude variables.

Associations between allele frequency and PCA axes, as
representatives of climatic condition were assessed by
LFMM analysis. Histograms of adjusted p values were
uniformly distributed, indicating that the number of latent
factors (K = 3) adequately controlled effects of population
structure. LFMM analysis identified 49 and 6 of candidate
SNPs associated with PC1 and PC2 (¢<0.00001), and
allele frequencies of candidates showed gradual changes
with PCA axes (Supplementary Fig. 7).

Discussion
North to south divergence among the three regions
Analysis of phylogenetic relationships and genetic structure

identified three genetic groups of Rhododendron tsusio-
phyllum corresponded to three geographic regions: Chichibu,
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Fig. 5 Differentiation of habitats of the analyzed populations and
other observed individuals based on six climatic variables and
altitude detected by principal component analysis (PCA). Gray
areas show three regions defined from distribution of individuals
(Fig. 1) and population genetic structure. The axis loading of each
variable to the first two principal components (PC1 and PC2) are
shown as a vector.

Hakone and the Izu Islands (Fig. 3). Phylogenetic analysis also
indicated that populations in Chichibu diverged from the other
populations relatively soon after speciation between R. fsu-
siophyllum and R. tschonoskii (Yoichi et al. 2019). The dis-
tribution of R. tsusiophyllum clearly seems to have extended
from cold northern to warm southern regions, considering
marginal location of the Izu islands in the species range and
the distribution and habitats of the related species. The results
support the hypothesis that the distributions of Fossa Magna
element plants, which are present on both the islands and the
mainland, have been shaped by speciation from closely dis-
tributed relatives on the mainland and subsequent southern
expansion into the islands (Bellemain and Ricklefs 2008;
Takahashi 1971; Vaxevanidou et al. 2006).

We detected clear genetic divergence between the islands
and mainland populations, as previously reported for other
plants, such as between Lilium auratum var. auratum and L.
auratum var. platyphyllum in the mainland and islands
(Yamamoto et al. 2017). Further, the simple network
obtained from neighbor-net analysis and robust relationship
among regions identified by SNAPP support evidence of
lineage sorting (Bryant et al. 2012; Foote and Morin 2016),
in addition, few admixtures of ancestries detected by sSNMF
suggest there has been restricted migrations between
regions (Fig. 2). Although migration rates were not esti-
mated directly, relative migrations between Chichibu and
Hakone were more frequent than between Hakone and the
Izu Islands. Migrations between Hakone and the Izu Islands

may be restricted by not only the geographic isolation but
also environmental heterogeneity between the regions, as
detected by environmental PCA (Fig. 5). Moreover, there is
weaker genetic divergence between populations within the
islands than between populations in Chichibu, and between
populations of other plants found on the islands, such as
Weigela coraeensis (Yamada and Maki 2012). The weak
divergence has been attributed to the narrow distribution of
R. tsusiophyllum on the Izu Islands, associated with altitu-
dinal restrictions (few of the islands have altitudes
exceeding 550 m) and other environmental limitations of
the species in the region. The divergence of populations
between Honshu and the Izu Islands seems to be easily
explained by vicariance associated with the sea separating
them. However it should be explained by montane isolation,
because habitat of the species is restricted in upsides of
mountains and there is also notable divergence of popula-
tions between Chichibu and Hakone within Honshu. The
clear phylogenetic relationships and genetic structure also
suggest that there has been restricted migrations among the
three regions. Thus, the results clearly illustrate the pro-
motion of genetic divergence by montane isolation, some-
times called ‘sky islands’ (DeChaine and Martin 2005;
Warren et al. 2015) by lower altitude areas. Differences in
population survival and other demographic changes asso-
ciated with these geographical factors are discussed below.

Differences in population survival among the three
regions

Demographic histories of the genetically diverged popula-
tions in the three identified regions seem to have sub-
stantially differed since the splits. The small Izu Islands also
had smaller effective population size than two regions of the
larger Honshu according to stairway plot (Fig. 4), as
reported for birds in the Canary Islands (Stervander et al.
2015). This suggests that the low effective population size
in the Izu Islands may have been maintained since the island
colonization (Stuessy et al. 2014). In addition, the number
of polymorphic SNPs and expected heterozygosity of the
two populations of the Izu Islands are less than one-third
that of the populations of Honshu (Table 1), the low genetic
diversity, with individuals growing in isolated and restricted
habitats, would also have experienced genetic drift. All
these findings and theoretical considerations suggest that
isolated and restricted habitats strongly influence to popu-
lation survival on the small islands (Warren et al. 2015).
In contrast, effective population size in Hakone seems to
have dramatically increased 10,000-100,000 generations
ago. This may have been due to the numerous active or
inactive volcanos (Table 1), as well as mountains uplifted
by tectonic forces (Taira et al. 1998), providing more sui-
table habitats in this region. There are no volcanos in
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Chichibu, where R. tsusiophyllum is found at the highest
altitude with similar climate to that of R. tschonoskii.
Population size in the region was presumably related to the
area of that climatic belt on high mountains. It is difficult to
estimate absolute times of these increases, due to lack of
knowledge of the species generation time. However,
assuming a generation time of 10-20 years for the shrub
species, they probably occurred hundreds of thousands to
millions years ago, suggesting the population growth
occurred during glacial-interglacial periods before the last
glacial (Clark et al. 2009; Petit et al. 1999). Although
mutation rates are also difficult to estimate for highly
variable loci (Garot et al. 2019), both mutation rate and
generation time are unlikely to have varied substantially
among the regions. Thus, the inferred changes in population
size in the regions can be compared (Koch et al. 2000;
Ossowski et al. 2010). The differences in demographic
histories strongly indicate that changes in suitable habitat
area strongly influenced each population’s size under their
isolated circumstances (Frankham 1997; Stuessy et al.
2014).

Possibility of local adaptation on isolated islands

We probed the possible adaptive evolution of populations in
the Izu Islands by a combination of genome-wide scans and
environmental analyses. PCA clearly revealed differences in
habitats of the species in the three regions, especially
between the Izu Islands and two regions of Honshu (Fig. 5).
Essentially, R. tsusiophyllum has a wider altitudinal range
(500-2400 m) and annual mean temperature (0.8—14.2 °C)
than most plants globally (Chapin et al. 2002). Rhododen-
dron tsusiophyllum seems to have shifted to a warmer niche
on the Izu Islands from cold niche in Chichibu. In conclu-
sion, some of the clear genetic divergence between the three
regions presumably resulted from neutral processes asso-
ciated with geographical isolation. However, adaptive
evolution to habitats with different environmental char-
acteristics (Izuno et al. 2017), particularly in temperature,
also seems to have contributed to the genetic divergence
between populations of Honshu and the Izu Islands. Vol-
canos may also be important environments for adaptive
evolution, however volcanos are also located in Hakone
with frequent eruptions, thus volcanos do not just char-
acterize habitat of the Izu Islands. Rather, R. tsusiophyllum
seems prefer simply wind-swept open sites in upsides of
mountains formed by volcanic eruption or tectonic uplift.
Candidate SNPs with climatic-related changes in allele
frequency, and thus possible association with adaptive evolu-
tion, were detected, especially we found 49 candidates against
PC1 axis value. However this detection seems to contain false
positives, because evolutionary process from Chichibu to the
Izu Islands, based on all loci, and temperature gradient

SPRINGER NATURE

explained by PC1 are associated (Frichot et al. 2015; Sup-
plementary Fig. 7). Caveats should be mentioned regarding
these candidates’ potential links with adaptive evolution. Ide-
ally the functions of candidates should be known or deter-
mined, but the shortness of our ddRAD-seq reads reduced the
confidence of homology searches, in addition, no good refer-
ence data are available for the study species. Candidates have
been detected by Fgr-based methods as outliers in other stu-
dies (Funk et al. 2016; Izuno et al. 2017), but these methods
could not be applied here because of the variation in expected
heterozygosity among populations (0.025-0.115), which
affects estimation of Fgp (Hedrick 2005). Especially, fixation
of allele, which frequently founded in the two populations of
the Izu Islands, seems difficult to detect true candidates.
Missing genotypes, which are frequent in ddRAD-seq data-
sets, also restricted calculation of allele frequencies. Thus,
there is clearly scope for improving evaluation of the possible
associations by addressing these restrictions (Rellstab et al.
2015).

Previous studies suggest that founder effects during
initial colonization and subsequent genetic drift sig-
nificantly hinder adaptive evolution of island populations
(Hamabata et al. 2019). However, strong selective pressure
due to environmental differences from source populations
also play significant roles in adaptive evolution of popula-
tions under drift (Barton 1996), as shown by many exam-
ples of adaptive radiation in islands (Funk et al. 2016; Velo-
Antén et al. 2012), and our analysis supports the opinion.

Data availability

Genotype data are deposited at the Dryad repository: https://
doi.org/10.5061/dryad.bg79cnp9j

Acknowledgements We are grateful to M Maeda, K Kazunobu and T
Katsuyama for their help in collecting plant material. This research was
supported by a Grant-in-Aid for Scientific Research (ref. nos. 15K07473
and 16K18714) for the Japan Society for the Promotion of Science.

Compliance with ethical standards
Conflict of interest The authors declare no competing interests.

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

References

Alcala N, Goudet J, Vuilleumier S (2014) On the transition of genetic
differentiation from isolation to panmixia: what we can learn
from Ggr and D. Theor Popul Biol 93:75-84

Barton NH (1996) Natural selection and random genetic drift as causes
of evolution on islands. Philos Trans R Soc Lond B Biol Sci
351:785-795

Bellemain E, Ricklefs RE (2008) Are islands the end of the coloni-
zation road? Trends Ecol Evol 23:461-468


https://doi.org/10.5061/dryad.bg79cnp9j
https://doi.org/10.5061/dryad.bg79cnp9j

Evolutionary effects of geographic and climatic isolation between Rhododendron tsusiophyllum... 867

Benjamini Y, Hochberg Y (1995) Controlling the false discovery rate:
a practical and powerful approach to multiple testing. J R Stat Soc
Ser B-Methodol 57:289-300

Bolger A, Lohse M, Usadel B (2014) Trimmomatic: a flexible trimmer
for Illumina sequence data. Bioinformatics 30:2114-2120

Bouckaert R (2010) DensiTree: making sense of sets of phylogenetic
trees. Bioinformatics 26:1372-1373

Bouckaert R, Heled J, Kiihnert D, Vaughan T, Wu C-H, Xie D et al.
(2014) BEAST 2: a software platform for Bayesian evolutionary
analysis. PLoS Comput Biol 10:e1003537

Bryant D, Moulton V (2004) Neighbor-net: an agglomerative method
for the construction of phylogenetic networks. Mol Biol Evol
21:255-265

Bryant D, Bouckaert R, Felsenstein J, Rosenberg NA, RoyChoudhury
A (2012) Inferring species trees directly from biallelic genetic
markers: bypassing gene trees in a full coalescent analysis. Mol
Biol Evol 29:1917-1932

Catchen J, Hohenlohe PA, Bassham S, Amores A, Cresko WA (2013)
Stacks: an analysis tool set for population genomics. Mol Ecol
22:3124-3140

Chapin III FS, Matson PA, Vitousek PM (2002) Principles of terres-
trial ecosystem ecology. Springer, New York

Clark PU, Dyke AS, Shakun JD, Carlson AE, Clark J, Wohlfarth B
et al. (2009) The last glacial maximum. Science 325:710-714

DeChaine EG, Martin AP (2005) Marked genetic divergence among
sky island populations of Sedum lanceolatum (Crassulaceae) in
the Rocky Mountains. Am J Bot 92:477-486

Drummond AJ, Rambaut A (2007) BEAST: Bayesian evolutionary
analysis by sampling trees. BMC Evol Biol 7:214

Excoffier L, Lischer HEL (2010) Arlequin suite ver 3.5: a new series
of programs to perform population genetics analyses under Linux
and Windows. Mol Ecol Resour 10:564-567

Foote AD, Morin PA (2016) Genome-wide SNP data suggest complex
ancestry of sympatric North Pacific killer whale ecotypes. Her-
edity 117:316-325

Frankham R (1997) Do island populations have less genetic variation
than mainland populations? Heredity 78:311-327

Frichot E, Francois O (2015) LEA: an R package for landscape and
ecological association studies. Methods Ecol Evol 6:925-929

Frichot E, Mathieu F, Trouillon T, Bouchard G, Francois O (2014)
Fast and efficient estimation of individual ancestry coefficients.
Genetics 196:973-983

Frichot E, Schoville SD, Bouchard G, Frangois O (2013) Testing for
associations between loci and environmental gradients using
latent factor mixed models. Mol Biol Evol 30:1687-1699

Frichot E, Schoville SD, De Villemereuil P, Gaggiotti OE, Francois
O (2015) Detecting adaptive evolution based on association
with ecological gradients: orientation matters! Heredity
115:22-28

Funk WC, Lovich RE, Hohenlohe PA, Hofman CA, Morrison SA,
Sillett TS et al. (2016) Adaptive divergence despite strong genetic
drift: genomic analysis of the evolutionary mechanisms causing
genetic differentiation in the island fox (Urocyon littoralis). Mol
Ecol 25:2176-2194

Garot E, Joét T, Combes M, Severac D, Lashermes P (2019) Plant
population dynamics on oceanic islands during the Late Qua-
ternary climate changes: genetic evidence from a tree species
(Coffea mauritiana) in Reunion Island. N Phytol 224:974-986

Gillespie R (2004) Community assembly through adaptive radiation in
Hawaiian spiders. Science 303:356-359

Hamabata T, Kinoshita G, Kurita K, Cao PL, Ito M, Murata J et al.
(2019) Endangered island endemic plants have vulnerable gen-
omes. Commun Biol 2:244

Hedrick PW (2005) A standardized genetic differentiation measure.
Evolution 59:1633-1638

Huson DH, Bryant D (2006) Application of phylogenetic networks in
evolutionary studies. Mol Biol Evol 23:254-267

Izuno A, Kitayama K, Onoda Y, Tsujii Y, Hatakeyama M, Nagano AJ
et al. (2017) The population genomic signature of environmental
association and gene flow in an ecologically divergent tree spe-
cies Metrosideros polymorpha (Myrtaceae). Mol Ecol
26:1515-1532

James JE, Lanfear R, Eyre-Walker A (2016) Molecular evolutionary
consequences of island colonization. Genome Biol Evol
8:1876-1888

Juan C, Emerson BC, Oromi P, Hewitt GM (2000) Colonization and
diversification: towards a phylogeographic synthesis for the
Canary Islands. Trends Ecol Evol 15:104-109

Kamijo T, Hashiba K (2003) Island ecosystem and vegetation
dynamics before and after the 2000-year eruption on Miyake-jima
Island, Japan, with implications for conservation of the island’s
ecosystem. Glob Environ Res 7:69-78

Kier G, Kreft H, Lee TM, Jetz W, Ibisch PL, Nowicki C et al. (2009) A
global assessment of endemism and species richness across island
and mainland regions. Proc Natl Acad Sci USA 106:9322-9327

Koch MA, Haubold B, Mitchell-Olds T (2000) Comparative evolu-
tionary analysis of chalcone synthase and alcohol dehydrogenase
loci in Arabidopsis, Arabis, and related genera (Brassicaceae).
Mol Biol Evol 17:1483-1498

Liu X, Fu YX (2015) Exploring population size changes using SNP
frequency spectra. Nat Genet 47:555-559

MacArthur RH, Wilson EO (1963) An equilibrium theory of insular
zoogeography. Evolution 17:373-387

Maekawa F (1949) Makinoesia and its bearing to Oriental Asiatic
flora. J Jpn Bot 24:91-96. in Japanese

McGlaughlin ME, Wallace LE, Wheeler GL, Bresowar G, Riley L,
Britten NR et al. (2014) Do the island biogeography predictions
of MacArthur and Wilson hold when examining genetic diversity
on the near mainland California Channel Islands? Examples from
endemic Acmispon (Fabaceae). Bot J Linn Soc 174:289-304

Ministry of the Environment of Japan (2019) Threatened wildlife of
Japan - red list 2019. http://www.env.go.jp/press/106383.html

Murray M, Thompson W (1980) Rapid isolation of high molecular
weight plant DNA. Nucleic Acids Res 8:4321-4326

Nakamura K, Denda T, Kokubugata G, Suwa R, Yang TYA, Peng C-1
et al. (2010) Phylogeography of Ophiorrhiza japonica (Rubia-
ceae) in continental islands, the Ryukyu Archipelago, Japan. J
Biogeogr 37:1907-1918

Nei M, Tajima F, Tateno Y (1983) Accuracy of estimated phyloge-
netic trees from molecular data. J Mol Evol 19:153-170

Ossowski S, Schneeberger K, Lucas-Lledé JI, Warthmann N, Clark
RM, Shaw RG et al. (2010) The rate and molecular spectrum of
spontaneous mutations in Arabidopsis thaliana. Science
327:92-94

Peterson BK, Weber JN, Kay EH, Fisher HS, Hoekstra HE (2012)
Double digest RADseq: an inexpensive method for de novo SNP
discovery and genotyping in model and non-model species. PLoS
ONE 7:37135

Petit JR, Jouzel J, Raynaud D, Barkov NI, Barnola J-M, Basile I et al.
(1999) Climate and atmospheric history of the past 420,000 years
from the Vostok ice core, Antarctica. Nature 399:429-436

Purcell S, Neale B, Todd-Brown K, Thomas L, Ferreira MAR, Bender
D et al. (2007) PLINK: a tool set for whole-genome association
and population-based linkage analyses. Am J Hum Genet
81:559-575

R Development Core Team (2019) R: a language and environment for
statistical computing. https://www.R-project.org/

Rellstab C, Gugerli F, Eckert AJ, Hancock AM, Holderegger R (2015)
A practical guide to environmental association analysis in land-
scape genomics. Mol Ecol 24:4348-4370

SPRINGER NATURE


http://www.env.go.jp/press/106383.html
https://www.R-project.org/

868

W. Yoichi et al.

Stervander M, Illera JC, Kvist L, Barbosa P, Keehnen NP, Pruisscher
P et al. (2015) Disentangling the complex evolutionary history of
the Western Palearctic blue tits (Cyanistes spp.) - Phylogenomic
analyses suggest radiation by multiple colonization events and
subsequent isolation. Mol Ecol 24:2477-2494

Stuessy TF, Takayama K, Lopez-Sepilveda P, Crawford
DJ (2014) Interpretation of patterns of genetic variation in
endemic plant species of oceanic islands. Bot J Linn Soc
174:276-288

Sundqvist L, Keenan K, Zackrisson M, Prodéhl P, Kleinhans D (2016)
Directional genetic differentiation and relative migration. Ecol
Evol 6:3461-3475

Taira A, Saito S, Aoike K, Morita S, Tokuyama H, Suyehiro K et al.
(1998) Nature and growth rate of the northern Izu-Bonin (Oga-
sawara) arc crust and their implications for continental crust
formation. Isl Arc 7:395-407

Takahashi H (1971) Fossa Magna element plants. Res
Reports Kanagawa Prefect Museum. Nat Hist 2:2-59. in
Japanese

Takahashi H, Katsuyama T (1992) Natural hybrids between Rhodo-
dendron tsusiophyllum and R. kaempferi var. macrogemma
(Ericaceae). Bull Kanagawa Prefect. Museum 21:59-71. in
Japanese

Takezaki N, Nei M, Tamura K (2010) POPTREE2: software for
constructing population trees from allele frequency data and
computing other population statistics with Windows interface.
Mol Biol Evol 27:747-752

Tanaka N (1999) Plant communities in Mt. Tenjo, Koudzu Island,
Tokyo. Actinia 12:147-158. in Japanese

SPRINGER NATURE

Vaxevanidou Z, Gonzalez-Martinez SC, Climent J, Gil L (2006) Tree
populations bordering on extinction: a case study in the endemic
Canary Island pine. Biol Conserv 129:451-460

Velo-Antén G, Zamudio K, Cordero-Rivera A (2012) Genetic drift
and rapid evolution of viviparity in insular fire salamanders
(Salamandra salamandra). Heredity 108:410-418

Wagner DB, Furnier GR, Saghai-Maroof MA, Williams SM, Dancik
BP, Allard RW (1987) Chloroplast DNA polymorphisms in
lodgepole and jack pines and their hybrids. Proc Natl Acad Sci
USA 84:2097-2100

Warren BH, Simberloff D, Ricklefs RE, Aguilée R, Condamine FL,
Gravel D et al. (2015) Islands as model systems in ecology and
evolution: prospects fifty years after MacArthur-Wilson. Ecol
Lett 18:200-217

Weigelt P, Jetz W, Kreft H (2013) Bioclimatic and physical char-
acterization of the world’s islands. Proc Natl Acad Sci USA
110:15307-15312

Yamada T, Maki M (2012) Impact of geographical isolation on genetic
differentiation in insular and mainland populations of Weigela
coraeensis (Caprifoliaceae) on Honshu and the Izu Islands. J
Biogeogr 39:901-917

Yamamoto S, Kikuchi T, Yamagiwa Y, Handa T (2017) Genetic
diversity of Lilium auratum var. platyphyllum endemic to the
Izu archipelago and its relationship to a nearby population of L.
auratum var. auratum by morphological and SSR analysis.
Hortic J 86:379-388

Yoichi W, Minamitani T, Oh S-H, Nagano AJ, Abe H, Yukawa T
(2019) New taxa of Rhododendron tschonoskii alliance (Erica-
ceae) from East Asia. PhytoKeys 134:97-114



	Evolutionary effects of geographic and climatic isolation between Rhododendron tsusiophyllum populations on the Izu Islands and mainland Honshu of Japan
	Abstract
	Introduction
	Materials and methods
	Plant material and DNA experiment
	SNPs detection
	Phylogenetic and population genetic analyses
	Demographic analysis
	Climatic differentiation and association analyses

	Results
	Phylogenetic patterns and population genetic structure
	Population size and its historical changes in the three regions
	Habitat differentiation based on environmental factors and identification of outlier loci

	Discussion
	North to south divergence among the three regions
	Differences in population survival among the three regions
	Possibility of local adaptation on isolated islands
	Supplementary information
	Compliance with ethical standards

	ACKNOWLEDGMENTS
	References




