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Abstract

Climate relicts hold considerable importance because they have resulted from numerous historical changes. However, there
are major interspecific variations among the ways by which they survived climate changes. Therefore, investigating the
factors and timing that affected population demographics can expand our understanding of how climate relicts responded to
historical environmental changes. Here, we examined herbaceous hydrangeas of genus Deinanthe in East Asia, which show
limited distributions and a remarkable disjunction between Japan and central China. Chloroplast genome and restriction site-
associated DNA sequencing revealed that speciation event occurred in the late Miocene (ca. 7-9 Mya) in response to global
climate change. Two lineages apparently remained not branched until the middle Quaternary, and afterwards started to
diverge to regional population groups. The narrow endemic species in central China showed lower genetic diversity (He =
0.082), as its population size rapidly decreased during the Holocene due to isolation in montane refugia. Insular populations
in the three Japanese islands (He =0.137-0.160) showed a genetic structure that was inconsistent with sea barriers,
indicating that it was shaped in the glacial period when its range retreated to coastal refugia on the exposed sea floor.
Demographic modelling by stairway-plot analysis reconstructed variable responses of Japanese populations: some
experienced glacial bottlenecks in refugial isolation, while post-glacial range expansion seemingly exerted founder effects on
other populations. Overall, this study demonstrated the involvement of not just one, but multiple factors, such as the
interplay between climate changes, geography, and other population-specific factors, that determine the demographics of
climate relicts.

Introduction
The modern temperate flora of the Northern Hemisphere has

been shaped through geographic and climatic changes since
the Tertiary period (65-2.6 million years ago [Mya])
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the Tertiary period (Wolfe 1975). As the global climate
cooled and dried over the last 15 million years, the forests
became restricted to limited regions having an equable cli-
mate (Donoghue and Smith 2004). Temperate plants that
were adapted to the Tertiary climate were selectively
extirpated in glacial stages of the Quaternary period and
were later replaced by cold-adapted taxa (Momohara 2016;
Zagwijn 1992) or survived as relicts in climate refugia
(Milne and Abbott 2002; Tiffney 1985; Wen 1999).

Climate relicts are of considerable importance in evolu-
tionary ecology because their presence resulted from
numerous historical changes (Hampe and Jump 2011;
Harrison and Noss 2017; Woolbright et al. 2014). These
relicts can preserve ecological and evolutionary histories
over millennia as well as reveal the population-level con-
sequences of fragmentation and isolation (Woolbright et al.
2014). For example, the distributions of climate relicts are
considered to reflect refugia that were stable in the past
(Harrison and Noss 2017; Tang et al. 2018; Zhao et al.
2019), where they persisted under variations in warm and
cold conditions due to relatively small altitudinal shifts
(Hampe and Petit 2005; Tzedakis et al. 2002). Climate
relicts are, therefore, valuable to understand their historical
responses along geological epochs but also to explore the
potential outcomes of future climate changes.

The Sino-Japanese Floristic Region of East Asia has
harboured rich relict flora since the Tertiary period (Qiu
et al. 2011; Wu and Wu 1996). In this region, relictual
plants are concentrated in mountains in the humid warm-
temperate and subtropical areas and found disjunctly in the
subtropical/warm-temperate regions of mainland China and
southern Japan (Tang et al. 2018). To investigate the species
and population responses to historical climate changes,
phylogeographic studies have been performed mainly for
widespread woody taxa in East Asia. These studies have
contributed to our understanding by reconstructing demo-
graphic histories in relation to environmental changes (Cao
et al. 2020; Chou et al. 2011; Lu et al. 2020; Qi et al. 2012;
Sakaguchi et al. 2012) and by detecting climate refugia that
contributed to long-term persistence (Qi et al. 2014; Worth
et al. 2013). However, our knowledge is still inadequate
regarding whether the species’ life history could predict
how climate relicts survived in East Asia through the cli-
mate deterioration in the Tertiary and glacial-interglacial
cycles in the Quaternary (Harrison and Noss 2017), because
most genetic studies in this region focused on widespread
trees with high fecundity and dispersal abilities. It is now
recognised that there is considerable variation among spe-
cies in both the size of refugia and the duration during
which species were confined to them and isolated from
other populations (Bai et al. 2018; Stewart et al. 2010).
Therefore, our understanding of the historical responses of
climate relicts will benefit from investigating plants with
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diverse life-history traits, particularly the more narrowly
distributed plants, which are considered to be more vul-
nerable to environmental changes (Cole 2003).

The oligotypic genus Deinanthe (section Deinanthe of
Hydrangeaceae) (De Smet et al. 2015) includes two decid-
uous perennial herbs: Deinanthe bifida and Deinanthe
caerulea. The flowers of Deinanthe are insect-pollinated,
and small winged seeds (1-1.2 mm) are considered to be
dispersed over a short distance by wind and gravity. The
distribution of Deinanthe shows a remarkable disjunction
between southern Japan and central China, as the species
are separated by over 1800km and interspersed by an
unsuitable plain in East China (Fig. 1). D. bifida occurs
discontinuously in the three main islands of Japan, inha-
biting moist forest floor near streams (Kawanishi et al.
2006). Similarly, D. caerulea is narrowly endemic in moist
valleys, particularly on limestone substrates at an elevation
range of 700-1600 m in western Hubei, China (Wei and
Bruce 2001) (Fig. 1). Although no fossils are available for
Deinanthe, the ecology and biogeography of the two spe-
cies indicate that they may well be climate relicts that long
survived in separate regions. While the plant disjunctions
between southern Japan and East China have been studied
to test the role of land bridges during late Quaternary
(Li et al. 2008; Qi et al. 2014; Qiu et al. 2009), the dis-
junctions between southern Japan and central/western China
are rare (Wang 1989) and attained much less attentions
despite their biogeographic importance.

By examining this system, we aimed to understand how
relictual herbs with limited distributions survived climate
changes since the Tertiary period. Specifically, we aimed to
address the following questions: (1) How long were the two
Deinanthe species isolated in insular and continental
regions of East Asia? (2) Did the Deinanthe populations
persist in situ through climatic oscillations during Qua-
ternary or shift their distributions in response to climate
changes? (3) How was the population demography of two
species shaped through the warm and cold stages of the late
Quaternary? To address these questions, we conducted
phylogenetic analysis using chloroplast genome sequences
and genome-wide single nucleotide polymorphisms (SNPs)
as well as population genetic analysis accompanied by
ecological niche modelling.

Materials and methods

Reconstruction of chloroplast genome sequences
To obtain the chloroplast genome sequences of Deinanthe
and the most related genus of Cardiandra (De Smet et al.

2015; Setoguchi et al. 2006), fresh leaf materials were
collected from one individual each of D. bifida, D. caerulea,
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Fig. 1 A map showing the geographic distribution of Deinanthe spe-
cies (a D. bifida in Japan, b D. caerulea in Hubei, China). These herbs
show similarities in most morphological traits, but they qualitatively
differ in calyx colour (white in D. bifida and blue in D. caerulea; a, b)
and in how the two-lobed leaves are attached to the stem. The green

and Cardiandra amamioshimensis. After rinsing with
deionised water, the leaf material was homogenised in a
pre-chilled blender with 40 mL isolation buffer at 4 °C
(Bookjans et al. 1984; Shi et al. 2012; Vieira et al. 2014)
and used for chloroplast enrichment (Sakaguchi et al. 2017).
The resultant pellet, including chloroplasts, was dissolved in
600 pL cetyl-trimethyl ammonium bromide (CTAB) buffer
to extract DNA (Murray and Thompson 1980).

Purified DNA (50 ng) was used to construct DNA frag-
ment libraries using the Ion Xpress Plus Fragment Library
Kit according to the manufacturer’s protocol (Thermo
Fisher Scientific, Waltham, MA, USA). An Ion PGM Hi-Q
OT2 Kit (Thermo Fisher Scientific) was used to prepare
template-positive ion sphere particles. DNA fragments were
amplified by thermal cycling in microreactors using the Ion
OneTouch 2 system (Thermo Fisher Scientific). Positive
particles were isolated and purified using the Ion OneTouch
ES system (Thermo Fisher Scientific). The particles were
loaded onto Ion 318 chips and sequenced using an lon PGM
Sequencer (Thermo Fisher Scientific).

The raw reads were imported into CLC Genomics
Workbench version 7.5.1 (CLC bio, Aarhus, Denmark) for
adaptor and quality-based trimming. Low-quality bases
were removed (quality limit = 0.03). Cleaned reads were

and purple circles indicate the distribution records of D. bifida and
D. caerulea, respectively. Small black dots represent the sampled
populations. Areas with elevations exceeding 500 m above sea level
and the continental shelf exposed during the last glacial maximum are
shown by dark grey and pale blue colours, respectively.

assembled using MITObim version 1.8 (Hahn et al. 2013)
guided by the complete chloroplast genome sequence
of Hydrangea petiolaris (KY412466) obtained from
the National Center for Biotechnology Information
(https://www.ncbi.nlm.nih.gov/).

Divergence time estimated based on chloroplast
genome sequences

The chloroplast genome sequences of 28 species in Cor-
nales (including the sequences of D. bifida, D. caerulea,
and C. amamioshimensis obtained in this study [SRA
accession numbers: DRX214874-DRX214876] and the data
of 25 species [16 Hydrangeaceae species, each one species
of Alangiaceae, Cornaceae, Curtisiaceae, Davidiaceae,
Loasaceae, and each two species of Mastixiaceae and
Nyssaceae] downloaded from GenBank) were aligned by
the MAFFT programme (Katoh et al. 2017) and manually
edited to delete incomplete sites, difficult-to-align regions
and the sites with more than two alleles.

BEAST v1.10.4 (Drummond and Rambaut 2007) was
used to estimate the divergence time of Deinanthe and
related genera based on the chloroplast sequence alignment.
Chloroplast genic regions comprising inverted repeat (IR),
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Table 1 Genetic polymorphisms

of the regional populations of Species Regional group Statistic Ar Ho He Fis

two Deinanthe species. D. bifida Chubu Mean 1.14° 0.085 0.148" 0.349%
n=12) SE 0.19 0.001 0.002 0.008
Kinki Mean 1.15° 0.094% 0.155® 0.327°
(n=21) SE 0.17 0.001 0.002 0.006
Chugoku Mean 1.16* 0.096* 0.160% 0.342%
(n=18) SE 0.17 0.001 0.002 0.006
Kyushu Mean 1.14° 0.090% 0.137° 0.284°
(n=13) SE 0.19 0.002 0.002 0.008

D. caerulea Hubei Mean 1.08° 0.045° 0.082¢ 0.392%"

(n=21) SE 0.16 0.002 0.003 0.018

Different letters correspond to significant statistical differences according to Tukey’s multiple comparison
test (P <0.01). Asterisks indicate significant deviation from Hardy—Weinberg equilibrium (P <0.01).

Ar allelic richness, Ne effective number of alleles, Ho observed heterozygosity, He expected heterozygosity,

Fis inbreeding coefficient.

large single copy (LSC), and small single copy (SSC)
regions were treated as different loci, and the best sub-
stitution models were separately selected per loci based on
the Akaike information criterion (Akaike 1974) by jMo-
delTest (Darriba et al. 2012). The selected models (TPM 1uf
+ G for IR, GTR + 1+ G for LSC, and TVM + I for SSC)
were set as substitution models, and an uncorrelated log-
normal relaxed clock was assumed in the analysis (Drum-
mond et al. 2002). To calibrate the phylogenetic tree, we
employed the fossil age of Hironoia fusiformis in early
Coniacian (Takahashi et al. 2002) for the crown of Cor-
nales, which was set as a log-normal prior distribution with
amean of 1.0 Mya and standard deviation (SD) of 1.2 Mya,
with an offset of 91.0 Mya. In addition, we applied a log-
normal prior with a mean, SD, and offset of 1.2 Mya, 0.4
Mya and 71.5 Mya, respectively, for calibrating the crown
of Davidia—Nyssa—Camptotheca, based on a fossil fruit of
Davidia sp. from late Campanian (Manchester et al. 2015).
Dating the diversification history within Hydrangeaceae has
been a challenge; although the family are represented in the
fossil record by several genera, many of these assignments
are considered to be doubtful (Gandolfo et al. 1998). Also,
previous phylogenetic studies reported variable estimates
for the age of Hydrangeaceae, depending on molecular
dataset, taxon sampling, and calibration methods (Fu et al.
2019; Xiang et al. 2011). Therefore, we assessed the effect
of inclusion of variable secondary calibration points on
divergence time estimate of Deinanthe—Cardiandra diver-
gence, by applying two different estimates of Hydrangea-
ceae crown age [(i) unif(81.5, 89.1) Mya (old estimate) and
(i1) unif(39.8, 78.8) Mya (recent estimate)] (Fu et al. 2019)
together with an time estimate for Deutzia-Kirengeshoma
crown [unif(21.1, 43.1)] (Kim et al. 2015). A birth-death
process was specified as the tree prior. Markov chain Monte
Carlo (MCMC) chains were run for 100 million generations
with one tree sampled every 10,000 generations following a
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burn-in of the initial 20% of steps. We used the Tracer
programme (Rambaut et al. 2018) to check the convergence
of the chains to a stationary distribution. Two replicate runs
were conducted to confirm the convergence and outcome.
The maximum clade credibility tree with ages for each node
was displayed and checked for more than 95% credibility in
FigTree (Rambaut 2009).

DNA extraction and ddRAD sequencing of Deinanthe
and related genera

Seventeen populations of D. bifida and four of D. caerulea
(85 individuals in total; Table 1 and Table S1) covering the
entire range of the species in South Japan and Central China
were sampled. In addition, six related species of Hydran-
geaceae were collected from East Asia (two samples of
Cardiandra from Taiwan and Japan, Hydrangea macro-
phylla f. normalis [Central Honshu, Japan], H. petiolaris
[Central Honshu, Japan], H. sikokiana [Shikoku, Japan],
and Platycrater arguta [Shikoku, Japan]). The collected
leaves were immediately dried with silica gel. The leaf
samples (ca. 1.0 cm?) were kept at —80 °C and then pul-
verised using TissueLyser II (QIAGEN, Hilden, Germany).
The leaf powder was then suspended in 2-4-(2-hydro-
xyethyl-1piperanzinyl) ethanesulfonic acid buffer (pH 8.0)
and centrifuged (10,000rpm 20°C, 5min) to remove
polysaccharides. Total genomic DNA was extracted using a
slightly modified CTAB method (Murray and Thompson
1980; Shi et al. 2012) and diluted in Tris-EDTA buffer.
Genomic DNA was used as an input for ddRAD
sequencing (Peterson et al. 2012). The ddRAD library was
prepared as described by Sakaguchi et al. (2018). Briefly,
genomic DNA was digested with EcoRI and Bglll (New
England Biolabs, Ipswich, MA, USA), and adaptors were
ligated at 37 °C overnight. The reaction solution was pur-
ified with AMPure XP (Beckman Coulter, Brea, CA, USA).
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Purified DNA was used for PCR amplification. Thermal
cycling was initiated at 94 °C for 2 min, followed by 20
cycles of 98 °C for 10s, 65 °C for 30, and 68 °C for 30s.
The PCR products were pooled, purified using AMPure XP,
and then loaded onto a 2.0% agarose gel, and fragments
were retrieved using E-Gel SizeSelect (Life Technologies,
Carlsbad, CA, USA). Following quality assessment using
an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa
Clara, CA, USA), the library was sequenced using an
Mlumina HiSeq 2000 (Illumina, San Diego, CA, USA).
TRIMMOMATIC v.0.32 software was used for read trim-
ming using the commands LEADING:19, TRAILING:19,
SLIDING WINDOW:30:20, AVGQUAL:20, and MIN-
LEN:51 (Bolger et al. 2014).

Intraspecific divergence time estimation

We used pyRAD (Eaton 2014) to process the ddRAD-seq
reads of 15 samples (including nine Deinanthe samples and
six samples of related genera) with the following parameter
settings: minimum depth of coverage: 6, similarity thresh-
old for sequence clustering within- and across-samples: 0.8,
minimum taxon coverage: 6, and the minimum number of
shared polymorphic sites in a locus: 6. A phylogenetic tree
based on the dataset was estimated using the Bayesian
approach as implemented in BEAST v1.8.2 (Drummond
and Rambaut 2007). To calibrate the phylogenetic tree, the
crown age for the Cardiandra and Deinanthe group was
assumed to have a uniform prior distribution (11.1-25.7
Mya), based on our chloroplast phylogeny (see Results).
The Hydrangea-Platycrater group was specified as an
outgroup in this analysis. After specifying a birth-death
process as the tree prior, GTR + G 41 as the substitution
model, and an uncorrelated log-normal relaxed clock
(Drummond et al. 2002), Bayesian searches for tree topol-
ogies and node ages were conducted using BEAST v1.10.4
with the beagle library. MCMC chains were run for 100
million generations with one tree sampled every 10,000
generations following a burn-in of the initial 20% of steps.
Parameter convergence was checked and the resultant tree
was visualised as described above.

Population genetic analysis of Deinanthe

To investigate the genetic structure and diversity of
Deinanthe species, we used pyRAD (Eaton 2014) to pro-
cess the ddRAD-seq reads of 85 individuals (Table S1),
with the following parameter settings: minimum depth of
coverage: 6, similarity threshold for sequence clustering
within- and across-samples: 0.8, minimum taxon coverage:
60, and the minimum number of shared polymorphic sites
in a locus: 60. To filter potentially paralogous loci, SNP
markers with observed excess heterozygosity (>0.5) were

removed from the dataset (O’Leary et al. 2018). The SNPs
were then analysed by BayeScan v2.0 software (Foll and
Gaggiotti 2008), and the markers with a log-transformed
posterior probability exceeding a threshold of 1.5 were
considered to be candidate outliers of neutral evolution. The
outliers were removed from the dataset to generate the SNP
datasets comprising candidate neutral markers that are sui-
table for population genetics.

A maximum-likelihood tree for 85 individuals of two
Deinanthe species was inferred using RAXML (Stamatakis
2014). Gaps were treated as missing data, and the
GTRGAMMA model was specified as the substitution
model for the dataset. Node support was assessed using
1000 bootstrap replicates. Principal component analysis
(PCA) was applied to the filtered SNP dataset as a non-
model-based ordination method to extract synthetic vari-
ables at which genetic variation between individuals is
maximised. The R package ‘adegenet’ (Jombart 2008) was
used to perform PCA analysis in R ver.3.4 (R Development
Core Team 2017).

To infer the genetic structure within the samples, a
model-based STRUCTURE analysis was performed for the
ddRAD-seq data using STRUCTURE v.2.3 software
(Falush et al. 2003; Pritchard et al. 2000). The population
model was set to allow admixture, correlation of allele
frequencies between clusters, and specification of the sam-
pling location as prior information for clustering (Hubisz
et al. 2009). Twenty independent simulations were run for
each K (K = 1-10) with 100,000 burn-in steps followed by
100,000 MCMC steps. To explore the plausible number of
gene pools, we monitored the changes in the average log-
likelihood of the data, represented by LnP(D), of indepen-
dent runs (Pritchard et al. 2000), and the second-order rate
of change of LnP(D), designated as AK (Evanno et al.
2005).

To estimate the genetic diversity of the regional popu-
lations 21 populations were classified into five groups based
on the genetic clustering at K=5 in STRUCTURE (see
“Results”). Genetic diversity indices (Ar: allelic richness,
Ho: observed heterozygosity, He: expected heterozygosity,
and Fig: inbreeding coefficient) of each group were calcu-
lated by the R ‘hierfstat’ package (Gouded 2005) using R
ver.3.4. The R ‘diveRsity’ package was applied to detect any
significant deviations from Hardy—Weinberg equilibrium.
Multiple comparisons of each genetic diversity index were
performed using Tukey’s method to detect any among-
group differences following the analysis of variance using
the R ‘multcomp’ package (Hothorn et al. 2012).

Furthermore, analysis of molecular variance (AMOVA)
was applied to the ddRAD-seq dataset to partition genetic
variances into different sources. Hierarchical models were
considered for the dataset, including two species to quantify
the relative contribution of among-species variance, and
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then for D. bifida to estimate among-region variance
(four regions defined as above). Non-hierarchical AMOVA
was performed for D. caerulea to estimate the among-
population variance. The molecular variance was estimated
and tests for the significance of each F-statistic based on
the standard permutation method were conducted using
GenAlEx 6.5 (Peakall and Smouse 2012).

Inference of population demographics using SNP
frequency spectra

We used ipyRAD 0.9.42 (Eaton and Overcast 2016) for
SNP discovery with the default parameter setting. To esti-
mate the unfolded site frequency spectrum (SFES), we
mapped sequences of each sample to FASTA files that were
converted from the loci file in the ipyRAD output files. We
extracted an individual sequence from this FASTA file for
reference data. For Japanese populations (D. bifida in four
regions of Chubu, Kinki, Chugoku, and Kyushu), one
sample from China (SS145-1) was used as reference data.
For the Chinese population (D. caerulea), we used one
sample from the Japanese population (SS2-2) as reference
data. Using the reference data of the other species allowed
us to determine ancestral alleles for estimating the unfolded
SFS of each population. We mapped read data with
Burrows—Wheeler Aligner 0.7.17 (Li and Durbin 2009) and
sorted and indexed mapped files using SAMtools 1.9 (Li
et al. 2009). We estimated unfolded SFSs using the doSaf
and realSFS functions in the ANGSD 0.931 programme
(Korneliussen et al. 2014), while assuming Hardy-Weinberg
equilibrium (HWE). Past population demographics using
SES in each population was inferred using stairway-plot v2
(Liu and Fu 2015) under a mutation rate of 7.5 x 107° (/site/
year) (Ossowski et al. 2010) and a generation time of 5
years (the age at the first flowering; S. Sakaguchi, personal
observation in a garden at Kyoto University), and the
inferences were based on 500 iterations of the spectra.

Potential distribution shift from the last glacial
maximum

An ecological niche model that can predict the changes in
D. bifida distribution in Japan was constructed by coupling
the current distribution records and bioclimatic variables. In
total, 542 presence records of D. bifida were obtained from
two databases, S-net (http://science-net.kahaku.go.jp/) and
GBIF (https://www.gbif.org), and from our field surveys,
from which duplicates were removed manually. Eight pre-
dictive variables included seven bioclimatic variables: (1)
annual mean temperature, (2) maximum temperature of the
warmest month, (3) mean temperature of the driest quarter,
(4) mean temperature of the warmest quarter, (5) mean
temperature of the coldest quarter, (6) precipitation of the
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wettest month, and (7) precipitation of the wettest quarter at
2.5 arc-min resolution, which were obtained from the
Worldclim website (Hijmans et al. 2005) as well as the
topographic slope calculated from ETOPO1 (Amante and
Eakins 2009) using ArcGIS (ESRI, CA, USA). The seven
bioclimatic variables were selected in this analysis, because
they are considered to be ecologically important factor to
limit the distribution of D. bifida and they did not show
significant clamping effects when the model was projected
onto the glacial conditions (see below). An ecological niche
model was calibrated using the above data with the default
parameter setting using the maximum entropy method
implemented in MAXENT v3.2.1 (Phillips et al. 2006). To
evaluate the constructed model, the accuracy of each model
prediction was calculated using the receiver operating
characteristic (ROC) curve and the area under the ROC
curve (AUC) (Fawcett 20006).

The environment layers of seven bioclimatic variables
for the last glacial maximum (LGM; ~21 thousand years
ago [kya]) and the Mid-Holocene period (~6 kya) that were
generated from two global circulation models of Commu-
nity Climate System Model 4 (CCSM4) and Model for
Interdisciplinary Research on Climate 3.2 (MIROC3.2)
were downloaded from the Paleoclimate Modelling Inter-
comparison Project 2 (PMIP2) website (https:/pmip2.1sce.
ipsl.fr/). Based on these palaeoclimate and topographic
slope layers, potential past distributions of D. bifida were
predicted by the ecological niche model, which was cali-
brated as described above.

Results
Divergence time of Deinanthe species

The final alignment of the chloroplast genomes contained
17,204 total nucleotides, of which 1,838 sites were variable.
The alignments were partitioned into IR (3 genes 1,455 bp),
LSC (30 genes 14,680 bp), and SSC (3 genes 1,069 bp)
regions and then used for Bayesian phylogenetic inference.
In the resultant phylogenetic tree, seven Hydrangeaceae
samples comprised a monophyletic clade with full support
(Fig. 2a). Within this clade, herbaceous groups of Cardi-
andra and Deinanthe were clustered in a subclade (PP =
1.00), and their crown age was estimated to be 18.4 Mya
(95% highest posterior density [HPD]: 11.1-25.7). Note
that the time estimates of Cardiandra—Deinanthe crown
varied depending on the phylogenetic trees, for which dif-
ferent calibration ages for Hydrangeaceae crown were
taken into account [18.4 (13.7-28.7) —21.0 (10.9-24.9)
Mya, Fig. S1]. Two Deinanthe species were estimated to
have diverged at 8.9 Mya (95% HPD: 4.0-14.0) in the late
Miocene.


http://science-net.kahaku.go.jp/
https://www.gbif.org
https://pmip2.lsce.ipsl.fr/
https://pmip2.lsce.ipsl.fr/

Inferring historical survivals of climate relicts: the effects of climate changes, geography, and... 621

(a) Choloroplast genome phylogeny
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Fig. 2 Phylogenetic trees of Deinanthe and related taxa. a Bayesian
phylogenetic tree of Hydrangeaceae and related families inferred based
on chloroplast genome sequence data. This tree was calibrated by
fossil ages of Cornales and Davidia—Nyssa—Camptotheca crowns and
a secondary calibration age for Deutzia—Kirengeshoma crown.
b Genome-wide SNP phylogeny of two Deinanthe species and related

After read assembly using pyRAD, a concatenated
ddRAD sequence matrix was obtained, comprising 143,015
nucleotides with 13,153 variable sites. The dated Bayesian
tree based on the ddRAD-seq data recovered the two Dei-
nanthe species as monophyletic (PP = 1.00) and as a sister
taxon to Cardiandra (Fig. 2b). The estimated divergence

5.0 0.0 (Mya)

Hydrangeaceae species. The divergent time estimate from the dated
chloroplast phytogenic tree was used for secondary calibration for the
Deinanthe—Cardiandra node. Population codes correspond to those
shown in Table S1. The bars and node supports represent 95% HPD
and Bayesian posterior probability, respectively.

time of Deinanthe species was inferred to be 7.1 Mya (95%
HPD: 3.6-11.7), which was similar to the value obtained
from the chloroplast phylogenetic tree. Intraspecific diver-
gence was dated as beginning during the middle Quaternary
at ca. 1.1 Mya for D. caerulea in China and 1.4 Mya for
D. bifida in Japan.
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Fig. 3 Genetic relationship of (a) ML tree
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Genetic structure and diversity within Deinanthe
species

The pyRAD assembly and subsequent filtering processes
yielded an SNP matrix consisting of 5,478 markers and
85 samples. An individual-based maximum-likelihood
(ML) tree placed the two species distantly (Fig. 3a), and the
individuals were clustered according to the sampling
localities in most cases. The phylogeographic structure was
apparent within D. bifida from Japan (Fig. 3a); moreover,
the populations from the Chubu, Kinki, and Chugoku dis-
tricts of Honshu and Kyushu Islands were clustered sepa-
rately in the ML tree (see region names in Fig. 3b). The
populations on Shikoku Island were an exception, as
the individuals from the eastern and western parts were
assigned to different groups (Fig. 3). This tendency was
consistent in the PCA representation of the genetic structure
of D. bifida (Fig. S2), which clustered eastern Shikoku
individuals with those in Kinki and western Shikoku indi-
viduals with those in the Chugoku district.

In the model-based clustering of STRUCTURE analysis,
AK showed a sharp peak at K =2 (Figure S3b), where the
inferred two clusters perfectly corresponded to the two
species (data not shown). Thus, K =2 was considered to be
the number of clusters that could capture the uppermost
structure within the genetic data. A further increase in
K increased the log-likelihood of the data monotonically,
reaching a plateau at K =5 (Fig. S3a). The clustering from
K=3 to K=35 separated the regional populations in
D. bifida; therefore, we considered that the clustering could
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be biologically interpretable up to K=5. At K=3, two
clusters in D. bifida dominated the eastern and western parts
of its distribution (indicated by the red and pale blue clus-
ters, respectively), with a phylogeographic break located at
ca. 133° E (Fig. S4). The two clusters in D. bifida were
further divided into four regional clusters at K =5 (Fig. 3b).
In line with the non-model-based clustering (Fig. 3a and
Fig. S2), the Shikoku populations were split into two groups
(cluster IIT and IV in Fig. 3b), which were clustered with the
populations outside the island.

Five regional populations (Table S1) were defined based
on the clustering at K =135 (Fig. 3b), for which a series of
genetic summary statistics were calculated (Table 1). In
D. bifida, the regional populations revealed similar genetic
diversity, with Ar ranging between 1.14 and 1.16 and He
between 0.137 and 0.160. The observed heterozygosity was
higeher than the expected value among all population
groups. Therefore, mean values of inbreeding coefficients
(Fis) were consistently positive, but they did not sig-
nificantly deviate from Hardy—Weinberg equilibrium due to
relatively large variances (P>0.01). Compared to the
Japanese species, D. caelurea showed lower diversity
(Ar=1.08 and He =0.082) and significantly positive Fig
(P<0.01).

Molecular variance was analysed for three datasets
comprising (1) both Deinanthe species, (2) D. bifida with
four regional populations, and (3) D. caerulea (Table 2).
Hierarchical modelling showed that 55% of the variance
could be significantly partitioned into the species
difference (D. bifida vs. D. caerulea) with Frr = 0.552.
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Table 2 Analysis of molecular

variance for (1) two Deinanthe Source df SS MS Est. Var. % F-statistics P (rand 2 data)
species, (2) D. bifida, and Date set: D. bifida and D. caerulea
(3) D. caerulea. °
Among species 1 16,7929 167929 2572 55% Frr 0.552 0.001
Among pops 19 10,240.5 538.9 25.8 6% Fsy  0.607  0.001
Among indiv 64 21,109.6  329.8 146.5 31% Fis  0.800 0.001
Within indiv 85 3116.0 36.6 36.6 8% Fr 0921 0.001
Date set: D. bifida
Among regions 3 2322.7 774.2 59 3% Fgrr 0.029 0.003
Among pops 13 7439.7 572.3 40.1 20% Fsyr 0203  0.001
Among indiv 47 12,863.0 273.7 115.6 57% Fis  0.732  0.001
Within indiv 64  2706.0 42.3 422 21% Frr  0.793  0.001
Date set: D. caerulea
Among pops 3 2505.6 835.2 45.0 19% Fsr 0.190 0.001
Among indiv 17 6219.2 365.8 173.1 73% Fis  0.899 0.001
Within indiv 21 410.0 19.5 19.5 8% Frr 0918 0.001

df degrees of freedom, SS sum of squares, MS mean squares, Est. Var. estimated variance; % percentage of
variance. The probability of P(rand = data) for each F-statistic is based on a standard permutation across the

dataset.

Within D. bifida in Japan, the largest variance was esti-
mated among individuals (57%, P <0.01), while variances
among regional populations (3%, Frr = 0.029) and among
populations (20%, Fst = 0.203) were relatively small. The
population variance in D. caerulea was estimated to be
19% with Fg1=0.190.

Demographic inference

The stairway-plot analysis of the SFSs of regional
Deinanthe populations resulted in variable demographics in
the last 0.3 million years (Fig. 4). The demographic his-
tories earlier than 0.3 Mya are not presented here, as they
showed spurious patterns that could not be interpreted
according to Liu and Fu (2015). The Chubu and Kyushu
populations of D. bifida in Japan showed a bottleneck where
populations declined during LGM and then recovered dur-
ing the Holocene climatic amelioration (Fig. 4a, d). The
effective population sizes of the other two regional popu-
lations in Japan decreased at ca. 4 kya, a period roughly
corresponding to the Holocene climate optimum (Fig. 4b,
c). The Chinese species of D. caerulea were inferred to
have experienced a significant population decline in the
Holocene, collapsing to about 4000 individuals (an
approximate 20-fold decline) at the most recent time.

Ecological niche modelling of D. bifida

The Maxent model of D. bifida showed an AUC value of
0.841 +0.105 (mean +SD), which indicates good model
prediction. The predicted present distribution of D. bifida
(Fig. 5a) mostly overlapped with the observed distributions

(Fig. 1), except for the prediction of the northern Pacific
coast of Honshu Island, where the species is actually absent.
At 6kya (Fig. 5b), the potential range of D. bifida was
almost the same as the present distribution, although the
logistic values were relatively low. Under the LGM cli-
mates, areas suitable to D. bifida contracted to several
Pacific capes of ‘Japanese Island’, in which the three major
islands of the present day were merged due to sea level
depression (Fig. 5c, d). Coasts along the Sea of Japan did
not seem to harbour LGM distributions for this species,
indicating that post-glacial dispersals may have occurred
from the Pacific sides of the palaeo-island.

Discussion

Lineage isolation since the tertiary and subsequent
evolutionary stasis

Phylogenetic analysis based on chloroplast and nuclear
genome markers consistently showed that the two Deinanthe
species diverged in the late Miocene (8.9 and 7.1 Mya for
chloroplast genomes and nuclear SNPs, respectively). The
estimated divergence times safely excluded the scenario that
the two species may be descendants of the common ancestor
that migrated between Japan and the continent via land
bridge(s) that emerged in the late Quaternary (Fig. 1)
(Kimura 1996). Rather, the results suggested that Deinanthe
had been isolated in each region for a longer geological time
since the Tertiary. Following the Mid-Miocene Climatic
Optimum (ca. 15 Mya), the global climate started to become
cooler and drier (Holbourn et al. 2018; Zachos et al. 2001),
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Fig. 4 Stairway-plot inference of the demographics of the five
regional Deinanthe populations. a Chubu, b Kinki-east Shikoku,
¢ Chugoku-west Shikoku, d Kyushu and e China. The effective
population size is plotted from present time to 30 kya. Thick black

leading to drastic shifts in the regional flora of East Asia
from thermophilic species to more cool-temperate compo-
nents (Pavlyutkin et al. 2016). Previous phylogenetic studies
showed that climate changes in the late Miocene induced the
allopatric lineage divergence of warm-temperate plants
in the Sino-Japanese Floristic Region, such as Euptelea
(Cao et al. 2020), Cardiocrinum (Lu et al. 2020), Asarum
(Takahashi and Setoguchi 2018), and sect. Brachycalyx
(Yoichi et al. 2017). Similarly, climate change is considered
to be the driver of allopatric speciation in genus Deinanthe,
which would have been adapted to the warmer and wetter
Tertiary climate.

The dated phylogenetic trees (Fig. 2) revealed that, after
the species divergence, both Deinanthe lineages (corre-
sponding to the later species of D. bifida and D. caerulea)
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lines indicate the median, and the light and dark grey areas represent
the 2.5-97.5% and 12.5-87.5% percentile intervals, respectively.
The inferences are based on 500 bootstrap samples of the unfolded site
frequency spectra.

remained not branched for ca. 6 million years until the
middle Quaternary. The long isolation history of these
lineages is reflected by complete genetic sorting in species-
specific clusters in STRUCTURE analysis (Fig. 3) and
considerable genetic variance partitioned among species in
AMOVA (Table 2). Although fossils are not available for
this herbaceous genus, the only two Deinanthe lineages that
can be seen today is considered as resulting from local
extinctions of intraspecific lineages following speciation. In
particular, the sporadic occurrence of D. caerulea in western
Hubei (Wei and Bruce 2001) indicates that the species once
attained wider distributions, but only a single lineage with
lower genetic diversity (Table 1) currently survives in the
stable montane refugia of central China (Lopez-Pujol et al.
2011; Tang et al. 2018). The surrounding regions currently
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Fig. 5 Predicted distribution (a) Okya

probability in logistic values is
shown for each 30 arc-sec pixel
based on the ecological niche
model for D. bifida. a at present
(Okya), b at the Holocene
Climatic Optimum (6 kya,
CCSM4.0), at the last glacial
maximum (LGM 21 kya;

¢ CCSM4.0 and d MIROC3.2).
Logistic values over a threshold
of maximum sensitivity plus
specificity are represented using
heat colours. The distribution
records of D. bifida at present
are superimposed as grey points
in the LGM maps. Palaeo-rivers
during the LGM are illustrated
by pale-blue lines.

lacking the species include East China (30-40° N), which is
topographically flat and was once covered by dry steppe
vegetation in the LGM (Harrison et al. 2001). Therefore, the
current distribution of D. caerulea likely reflects the history
that many habitats in East China became unsuitable during
the Quaternary climate changes, which led to local extinc-
tions. Successful recolonisation from climate refugia did not
occur for this humidity-dependent species with limited dis-
persal ability.

Inconsistency between the genetic structure in D.
bifida and insular geography

The geographic features of insular systems hinder the
movement of land plants with low dispersal abilities, lead-
ing to increased genetic differentiation among islands. Thus,
insular plant populations often show a pattern in which the
genetic structure coincides spatially with the studied islands
(Dias et al. 2016; Yoichi et al. 2017). However, contrary
to this conventional expectation, the genetic structure of
D. bifida spread across the three islands of Japan was not
associated with the current insular geography; that is, two
genetic groups (IIT and IV clusters) were commonly dis-
tributed in western Honshu and Shikoku islands regardless
of sea barriers (Fig. 3). This genetic and geographic
inconsistency indicates that the genetic structure was
formed when populations were isolated under environ-
mental conditions that differ from those of today. During
the Middle to Late Quaternary, cold stages of climate cycles
gradually extirpated Tertiary elements in Japan, such as
Metasequoia (Momohara 1994), and warm-temperate for-
ests are considered to have retreated to the Pacific coasts of
‘Japanese Island’ (Aoki et al. 2019; Tsukada 1983), in
which the present-day islands were merged (Fig. 1). The
ecological niche model of D. bifida reconstructed their

(b) 6kya (CCSM)

(c) 21kya (CCSM) (d) 21kya (MIROC)

0 125 250 500
—— — kM

potential LGM refugia in these southern areas (Fig. Sc, d),
which may be analogous to former glacial distributions.
Therefore, it seems likely that the Quaternary glacial cli-
mate was the isolating factor of D. bifida populations, and
post-glacial expansions through lowland corridors along
palaeo-rivers (Fig. 5) would have led to the current disjunct
occurrence of genetic clusters (III and IV) on different
islands (Fig. 3).

Contrasting demographic responses of narrow- and
wider-ranging species to climate changes

Theory predicts that genetic drift exerts stronger effects on
small populations, causing random loss of alleles (Kimura
and Crow 1964; Wright 1931). Hence, species with
restricted distributions tend to have smaller effective
population sizes or less genetic diversity within populations
(Cole 2003). In the case of Deinanthe, the narrow endemic
D. caerulea showed the lowest levels of genetic diversity
(Table 1), and its effective population size was inferred to
continuously decrease during the Holocene (Fig. 4e). The
inferred Holocene decline of D. caerulea can be interpreted
by considering that the species experienced demographic
bottlenecks during in situ altitudinal migrations in response
to climate change and the subsequent isolation as small
populations. Palynological records revealed that the tem-
perate montane forests of western Hubei shifted to lower
elevations on south-facing slopes during the last glacial
period (Xiao et al. 2018), which induced glacial expansions
of temperate plant populations (Lu et al. 2020). However,
the increased temperature in the Holocene caused the low-
land temperate forests to be replaced by subtropical ever-
green forests. Consequently, the warm-temperate species of
D. caerulea would have formed fragmented and small
populations at higher elevations, thus gradually losing
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genetic diversity. In addition, the genetic signature of recent
population decline does not exclude a possibility that
human disturbance of natural forests over the last millennia
may have acted in synergy with climate change on the
warm-temperate forest including D. caelurea.

We note that the timescale in our demographic analysis
was estimated by adopting a moderate mutation rate of
7.5x 1077 (/site/year) and a generation time of 5 years. As
accurate information on the mutation and generation
time for Deinanthe is lacking, the timing of demographic
change needs to be interpreted with caution. For example,
the generation time of Deinanthe can be longer than the
assumed value, as the plants are perennial to reproduce over
multiple times after first flowering. If this is true, our time
estimate of demographic decline may be underestimated.
Nevertheless, even if we assume a longer generation time of
10 years, the timing of population decline of D. caerulea
still fall within Holocene period. Furthermore, the extent of
population decline should be carefully considered, as the
observed intraspecific genetic structure (Fig. 3a) and a
significant deviation from HWE in D. caerulea could
have played a role in generating false bottleneck signals
(Chikhi et al. 2010). In contrast to D. caerulea, the
potential distribution range of D. bifida during the LGM
was considerably smaller and more fragmented than
those under warmer climates (Fig. 5), suggesting that
post-glacial expansion from southern refugia occurred.
The dynamic distribution shift is consistent with the
‘expansion—contraction model’ of Quaternary biogeography
(Hewitt 2004), which proposed an alternation between the
contraction of species distribution during the glacial period
and subsequent rapid expansions during interglacial peri-
ods. The genetic consequence of such a range shift usually
involves a genetic diversity cline and differentiation among
northern and southern populations (Petit et al. 2003; Saka-
guchi et al. 2011; Sugahara et al. 2011). However, for the
regional populations of D. bifida, more complicated and
idiosyncratic demographic responses were detected by
demographic inference (Fig. 4), which have not been
reported for the forest trees in Japan. Stairway-plot analysis
inferred that two populations (a: Chubu and d: Kyushu)
experienced bottlenecks following the LGM, whereas the
other two populations (b: Kinki-east Shikoku and c:
Chugoku-west Shikoku) declined moderately during the
Holocene. Such variable demographic patterns likely
resulted from the relative extents to which the glacial con-
traction and post-glacial expansion negatively affected the
population size. First, glacial range contractions as pre-
dicted by the ecological niche model could have caused
genetic bottlenecks for the former population group, of
which small populations persisted in refugia. Afterwards,
population growth likely occurred along with climatic
amelioration, which would have recovered the population
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size probably due to increased population density (Magri
2008). In the Japanese Archipelago, pollen fossils showed
that the warm-temperate trees expanded their ranges from
glacial refugia along coastal areas to inland and higher
elevation areas (Gotanda and Yasuda 2008). Such post-
glacial demographic changes have been genetically detected
in a forest tree of Castanopsis (Aoki et al. 2019), and the
associated temperate biota (Aoki et al. 2008; Kawamoto
et al. 2007). Second, rapid range expansion can have
adverse effects on genetic diversity by exerting founder
effects in leading-edge populations (Waters et al. 2013).
Founding events often result in the loss of genetic diversity
(Le Corre and Kremer 1998) with rare long-distance dis-
persal events accelerating these founder effects (Austerlitz
et al. 2000). This seems to have more strongly affected the
latter Deinanthe population groups (Fig. 4b, c), which
expanded to northerly ranges distant from glacial refugia
(Fig. 5).

Conclusion

Our genetic assessment of the climate relict Deinanthe
revealed that the two species are descendants of a few
lineages that survived through Tertiary environmental
changes and Quaternary climate cycles. Substantial extinc-
tions, especially in continental regions, were speculated
from genetic genealogies and current limited distributions
of the narrow endemic species. Generally, climate relicts are
assumed to be distributed in long-term refugial areas. This
notion may apply to D. caerulea, which appears to have
experienced altitudinal migrations in the montane refugia of
central China. In contrast, the ranges of Japanese D. bifida
populations were inferred to dynamically shift in response
to the climate cycles of the late Quaternary. Furthermore,
the demographic changes varied among the Japanese
populations, as some suffered glacial bottlenecks and others
were affected by interglacial declines despite being found in
similar latitudinal ranges. This finding implies the invol-
vement of not just one, but many factors, as the interplay
between climate changes, geography, and other population-
specific factors would have been involved in shaping the
genetic demographics of relict species that are vulnerable to
environmental changes.

Data availability
Raw short read data files are deposited in GenBank under

accession numbers DRX214874-DRX214876 (accession
numbers are shown in Table S2).
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