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Abstract

Understanding adaptation mechanisms is important in evolutionary biology. Parallel adaptation provides good opportunities
to investigate adaptive evolution. To confirm parallel adaptation, it is effective to examine whether the phenotypic similarity
has one or multiple origins and to use demographic modeling to consider the gene flow between ecotypes. Solidago
yokusaiana is a rheophyte endemic to the Japanese Archipelago that diverged from Solidago virgaurea. This study
examined the parallel origins of S. yokusaiana by distinguishing between multiple and single origins and subsequent gene
flow. The haplotypes of noncoding chloroplast DNA and genotypes at 14 nuclear simple sequence repeat (nSSR) loci and
single-nucleotide polymorphisms (SNPs) revealed by double-digest restriction-associated DNA sequencing (ddRADseq)
were used for phylogeographic analysis; the SNPs were also used to model population demographics. Some chloroplast
haplotypes were common to S. yokusaiana and its ancestor S. virgaurea. Also, the population genetic structures revealed by
nSSR and SNPs did not correspond to the taxonomic species. The demographic modeling supported the multiple origins of
S. yokusaiana in at least four districts and rejected a single origin with ongoing gene flow between the two species, implying
that S. yokusaiana independently and repeatedly adapted to frequently flooding riversides.

Introduction Understanding adaption mechanisms is an important topic
in evolutionary biology (Rougemont et al. 2017). Parallel
adaptive changes provide strong evidence for the con-
sequences of natural selection (Jones et al. 2012; Butlin
et al. 2014) and phenotypic or genotypic parallelism often
results from adaptation to similar environments (Cooper
et al. 2003; Meier et al. 2017). Parallel adaptations, which
we may recognize as phenotypic similarity of polyphyletic
or paraphyletic populations, may generate ecotype pairs
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For example, in the case of a marine snail (Litforina sax-
atilis), “wave” and “crab” ecotypes indicated parallel
adaptations and geography-dependent genetic structures
were found irrespective of ecotypes (Butlin et al. 2014).
These ecotype pairs are often considered the repeat con-
sequences of natural selection and adaptive evolution to
similar environments, which is considered natural replica-
tion of adaptive evolution (Butlin et al. 2014; Welch and
Jiggins 2014; Rougemont et al. 2017). Although compar-
isons of a single ecotype pair may be affected by random
processes (Nosil and Feder 2013), multiple natural repli-
cates provide a good opportunity to investigate adaptive
evolution (Johannesson et al. 2010; Roesti et al. 2014,
Welch and Jiggins 2014).

Ecotype pairs are possible natural replicates of adaptive
evolution. Several genetic studies of ecotype pairs have
indicated multiple origins by revealing closer genetic dis-
tances between populations of different ecotypes in geo-
graphic proximity than between populations of derived
ecotypes in remote places (Arroyo-Garcia et al. 2006;
Foster et al. 2007) or a single origin by revealing closer
genetic distances between each ecotype than between
populations of different ecotypes in geographic proximity
(Crandal et al. 2000; Sakaguchi et al. 2018a). However,
these genetic structures may also have resulted from distinct
demographic divergence scenarios (Johannesson et al.
2010; Bierne et al. 2013; Welch and Jiggins 2014). Con-
sidering methods of demographic history, recent studies of
ecotype pairs imply that a derived ecotype can result from
multiple complicated origins (Butlin et al. 2014; Yuan et al.
2014; Meier et al. 2017; Trucchi et al. 2017), secondary
contact (Rougemont et al. 2017), or a single origin (Molina
et al. 2011). These studies indicate the need to consider the
demographic divergence history to elucidate the origin of
ecotype pairs. For example, Meier et al. (2017) found par-
allel speciation of the two cichlid species, Pundamilia
pundamilia and P. nyererei. Based on demographic mod-
eling, they indicated that Pundamilia ancestor first spe-
ciated into P. pundamilia and P. nyererei at open lake, and
then two species colonized the Mwanza Gulf and admixed
there, and last, this hybrid population speciated again into
P. pundamilia and P. nyererei.

Inadequate analysis of gene flow in a species or ecotype
may lead to incorrect inference of evolutionary scenarios (Li
et al. 2012; Welch and Jiggins 2014; Rougemont et al. 2017).
Secondary contact can erase the signals of a phylogenetic
relationship between populations of each ecotype at neutral
loci (Bierne et al. 2013; Welch and Jiggins 2014; Leaché et al.
2014) and gene flow between paraphyletic populations may
increase support for a monophyletic gene tree (Leaché et al.
2014).

Rheophytes are riparian plants that are adapted and con-
fined to frequently flooded riversides. The rheophytic
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phenotype has evolved in different phylogenetic groups and
has parallel phenotypic traits, such as narrow leaves, thicker
roots, and tough, flexible stems (van Steenis 1981; Kato 2003).
These traits are likely adaptive; therefore, ecotype pairs of a
theophyte and its ancestor occurring in proximity but away
from the riverside are natural replicates and provide a model
system for studying adaptive evolution. Parallel rheophytic
adaptations have been often suggested to have multiple origins
based on population genetic structure or historical demo-
graphic modeling without gene flow between the rheophyte
and terrestrial populations (e.g., Nomura et al. 2010; Saka-
guchi et al. 2018b; Yoichi et al. 2018), although there is a
small probability that strong gene flow has caused misleading
paraphyletic results. To confirm whether the adapted traits
have single or multiple origins, we need to consider gene flow
between ecotypes in geographic proximity. Here, we exam-
ined whether rheophyte traits have multiple origins or a single
origin with secondary contact between rheophyte and terres-
trial populations in the goldenrod genus Solidago.

Solidago virgaurea (Asteraceae) is a perennial herb that is
widely distributed in Eurasia (Kawano 1988; Semple 2016). In
the Japanese Archipelago, the S. virgaurea complex is extre-
mely divergent ecologically and morphologically (Kawano
1988; Sakaguchi et al. 2018a). Solidago yokusaiana, a rheo-
phytic congener of S. virgaurea, is endemic to Japan from
Tohoku to Okinawa Districts (Sakaguchi et al. 2018b; Semple
and Ohi-Toma 2017) (Fig. 1). Although Sakaguchi et al.
(2018b) suggested that S. yokusaiana has multiple origins
based on the population genetic structures of ecotype pairs, it
remains necessary to evaluate the effects of gene flow among
populations and reassess the phylogeny. To distinguish several
evolutionary scenarios for parallelism (Li et al. 2012; Welch
and Jiggins 2014; Rougemont et al. 2017), we performed
coalescent simulation analyses incorporating gene flow
between ecotypes in geographic proximity.

In this study, we examined whether the rheophyte S.
yokusaiana has single or multiple origins based on demo-
graphic modeling with gene flow using double-digest restric-
tion-associated DNA sequencing (ddRADseq), noncoding
chloroplast DNA sequences, and nuclear simple sequence
repeat (nSSR) genotypes. Reconstructing the demographic
divergence history of S. virgaurea and S. yokusaiana, we
explore demographic scenarios in the evolution of rheophyt-
ism in S. yokusaiana, including multiple origins, a single
origin, or secondary contact after a single origin.

Materials and methods

Population sampling

To evaluate the genetic diversity of Solidago yokusaiana
(Makino 1898) and its putative ancestor S. virgaurea subsp.
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Fig. 1 Sampling locations for Solidago virgaurea (red) and S. yokusaiana (blue). The morphology of the two Solidago species is shown at the

bottom right.

asiatica in the Japanese Archipelago, S. yokusaiana popu-
lations were sampled throughout its distribution (35 popu-
lations) and S. virgaurea populations were sampled from
the areas adjacent to the S. yokusaiana populations (26
populations) (Fig. 1 and Table S1). Mature leaves were
sampled haphazardly at intervals of at least a few meters to
avoid repeated collection of the same genet. The collected
leaf samples were frozen at —20 °C or kept at room tem-
perature after drying with silica gel.

Molecular experiments

Total DNA was extracted from 50 to 150 mg of leaf tissue
using the cetyltrimethylammonium bromide method (Doyle
and Doyle 1990). Four chloroplast noncoding regions from
2 to 10 individuals from each population were sequenced:

ndhF-rpl32 (Shaw et al. 2007), psbB-psbF (Hamilton
1999), trnG (GCC)-trnfM (CAU), and rpl32-trnl. (UAG)
(Shaw et al. 2007) (Table S1). Polymerase chain reaction
(PCR) was performed in 10-uL. volumes, each containing
15-30ng of genomic DNA, 0.15uM of each primer,
0.2 mM of each dNTP (Promega, Madison, WI), 0.5 mM of
MgCl,, 1 uL of x10 PCR buffer, and 0.5 U of Tag poly-
merase (Promega). Thermal cycling was initiated at 95 °C
for 4 min, followed by 30 cycles of 95 °C for 30s, 52.5 °C
for 1 min, and 72 °C for 1 min for ndhF-rpl32, 30 cycles of
95 °C for 30s, 53 °C for 1 min, and 72 °C for 1 min for
psbB-psbF, 30 cycles of 95 °C for 30 s, 55 °C for 1 min, and
72 °C for 30 s for trnG (GCC)-trnfM (CAU), or 35 cycles of
95 °C for 30s, 53 °C for 1 min, and 72 °C for 1 min for
rpl32-trnl. (UAG), with a final 5min at 72 °C. The PCR
products were purified using a GENECLEAN II kit
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(MP Biomedicals, Santa Ana, CA) or ExoSAP-IT Express
(Thermo Fisher Scientific, Waltham, MA) and diluted to
30 uL. with deionized water. Cycle sequencing was per-
formed in 10-uL volumes, containing 7.7 uL of the purified
PCR products, 0.2uM of each primer, 1.9uL of 5x
sequencing buffer, and 0.2 uL of BigDye Terminator v3.1
Cycle Sequencing Kit (Thermo Fisher Scientific). Thermal
cycling was initiated at 96 °C for 1 min, followed by 30
cycles of 96 °C for 10s, 50 °C for 5s, and 60 °C for 4 min,
with a final 1 min at 60 °C. Sanger sequencing was per-
formed on an ABI Prism 3100 or 3130 Genetic Analyzer
(Thermo Fisher Scientific).

Fourteen nSSR loci (Sakata et al. 2013; Sakaguchi and
Ito 2014; Table S2) were genotyped for 2-35 individuals
from each population (Tables S1 and S2). PCR was per-
formed in 2-yL volumes, containing 20-50 ng of DNA,
1 uL of 2x Type-it Multiplex PCR Master Mix (QIAGEN,
Hilden, Germany), and 0.025uM each of six primers
[Sol_2003053, Sol_2005991, Sol_2007258, Sol_2007556,
Sol_2012220, and Sol_2013075 (Sakaguchi and Ito
2014)], 0.05uM each of six primers [Sol_2001876,
Sol_2003631, Sol_2006931, Sol_2071098 (Sakaguchi and
Ito 2014), Saltl, and Salt3 (Sakata et al. 2013)], or 0.1 uM
each of two primers [Sol 2013411 (Sakaguchi and Ito
2014) and Salt17 (Sakata et al. 2013)]. The lengths of the
PCR products were measured using an ABI Prism 3130
Genetic Analyzer and genotyped using Gene Mapper
(Thermo Fisher Scientific).

Double-digest restriction-associated DNA
sequencing (ddRADseq)

A ddRADseq library (Peterson et al. 2012) was prepared for
S. yokusaiana (87 individuals, 12 populations) and S. vir-
gaurea (63 individuals, 14 populations) (Table S1) using a
modification of Peterson’s protocol (Sakaguchi et al.
2018b), as follows. First, 10ng of genomic DNA was
digested with EcoRI and Bg/ll (New England Biolabs,
Ipswich, MA). Then, adapter ligation was performed at
37 °C overnight in a 10-uL volume containing 1 pL of x10
New England Biolabs (NEB) buffer 2, 0.1 uL of x100
bovine serum albumin (NEB), 0.4pL of 5uM EcoRI
adapter and Bg/Il adapter, 0.1 uL of 100 mM ATP, and
0.5 uL of T4 DNA ligase (QIAGEN). The reaction solution
was purified using AMPure XP (Beckman Coulter, Brea,
CA). The PCR was performed with 3 pL. of the purified
DNA in a 10-uL volume containing 1 pL each of 10 uM
index and TruSeq universal primer, 0.3 uL of KOD-Plus-
Neo enzyme, 1 uL of x10 PCR buffer (Toyobo, Osaka,
Japan), 0.6 L of 25mM MgSO,, and 1uL of 10 mM
dNTP. Thermal cycling was initiated at 94 °C for 2 min
followed by 20 cycles of 98 °C for 10, 65 °C for 30 s, and
68 °C for 30s. The pooled PCR products were purified
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again using AMPure XP to give fragments of around 320
base pairs using E-Gel SizeSelect (Thermo Fisher Scien-
tific) with 2.0% agarose gels. After assessing quality using
an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa
Clara, CA), the library was sequenced with 51-bp single-
end reads in one lane of an Illumina HiSeq2000 (Illumina,
San Diego, CA). The primer sequences used in this study
are described in Sakaguchi et al. (2015).

Trimming adapters, other Illumina-specific sequences,
and low-quality regions (Phred quality scores <20) were
decided using Trimmomatic (Bolger et al. 2014). De novo
assembly was performed using Stacks (Catchen et al.
2011, 2013) with a minimum rate of individuals (r) of 0.3
and a minimum stack depth (m) of 8. The SNPs with minor
allele counts <2, which excludes singletons, a missing
genotype rate of SNPs (geno) >0.3, a missing genotype rate
of individual (mind) >0.4, and significant deviation from
Hardy—Weinberg equilibrium (P <0.00001) were filtered
out and leave other options default using plink 1.90b6.21
(Purcell et al. 2007; https://www.cog-genomics.org/plink/1.9/)
and selected one SNP per read.

Data analysis

The chloroplast sequences were edited and aligned using
BioEdit v7.1.9 (Hall 1999). We recovered haplotypes
without insertions or deletions because of the uncertain
effects of indels on sequencing and alignment, inferred
relationships between the haplotypes using TCS 1.21
(Clement et al. 2000), conducted hierarchy analysis of
molecular variance (AMOVA) (Excoffier et al. 1992) to
partition the genetic variation into species and populations
using Arlequin 3.5.1.3 (Excoffier and Lischer 2010) with
10,000 permutations, and analyzed the mismatch distribu-
tion to test for sudden demographic expansion using Arle-
quin 3.5.1.3 with 1000 replications.

To infer the population genetic structure, we performed
Bayesian clustering on the nSSR data using STRUCTURE
2.3.4 (Pritchard et al. 2000) with ten replicates each assuming
clusters (K = 1-20), 100,000 burn-in, 10,000 sampling steps,
fixing the allele frequency prior hyperparameter lambda =
0.3, and using the LOCPRIOR model with population IDs
as sampling locations, and then identified the most likely
number of clusters based on the AK method (Evanno et al.
2005) using Structure Harvester (Earl and vonHoldt 2012).
The ten replicates for the most likely number of clusters
were averaged using CLUMPP ver. 1.1.2 (Jakobsson and
Rosenberg 2007) with a greedy algorithm. We performed
partial Mantel tests (Smouse et al. 1986) between the
Euclidean distances of the rates of the clusters in each
population and geographic distance, with a difference in
species as a dummy variable using the R-package “phy-
tools” (Revell 2012) with 10,000 permutations.
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To infer phylogenetic relationships among populations
from the SNP data, we constructed unrooted phylogenetic
trees using the neighbor-joining method (Saitou and Nei
1987) with D, distance between populations (Nei 1972) and
the node support values were evaluated by 1000 bootstrap
replicates using the R-package “poppr” (Kamvar et al.
2014). We conducted hierarchy AMOVA to partition the
genetic variation into species and populations using the R-
package “pegas” (Paradis 2010) with 10,000 permutations.
To infer population genetic structure in the SNP data, we
performed Bayesian clustering using STRUCTURE 2.3.4
with ten replicates each assuming clusters (K= 1-10),
20,000 burn-in, 10,000 sampling steps, fixing the allele
frequency prior hyperparameter lambda =0.3, and using
the LOCPRIOR model with the population IDs as the
sampling locations, and then identified the most likely
number of clusters based on the AK method using Structure
Harvester as above. We also performed principal compo-
nent analysis (PCA) of the SNP data to infer genetic
structure using the R-package “adegenet” (Jombart 2008).
We performed partial Mantel tests between the Euclidean
distance of the rates of the clusters in each population and
geographic distance, with a difference in species as a
dummy variable using the R-package “phytools” with
10,000 permutations. Correlations between Dy, distance for
SNP data and geographic distance, isolation-by-distance
(IBD) patterns, for each species, were evaluated for popu-
lations with more than one individual with 9999 bootstrap
replicates based on the Mantel test (Mantel 1967) using the
R-package “ade4” (Dray and Dufour 2007). The demo-
graphic history of the effective population size for each
Solidago species was estimated using a generalized skyline
plot (Strimmer and Pybus 2001) using the R-package “ape”
(Paradis and Schliep 2019) followed by construction of a
UPGMA phylogenetic tree (Sokal and Michener 1958) for
individuals based on the number of nucleotide differences.
Admixture tests for all possible combinations of four S.
yokusaiana populations were performed by minimum Pat-
terson’s D statistics (Patterson et al. 2012) using Dsuite
(Malinsky et al. 2020).

Demographic modeling

To elucidate the genetic background of the parallel rheo-
phytic changes of S. yokusaiana, we selected four districts:
Tohoku, Chubu, Chugoku, and Okinawa (Fig. 1 and Table
S1). For each district, S. virgaurea population and S.
yokusaiana population were selected for demographic
modeling. To include the entire distribution of S. yoku-
saiana, the northern- and southern-most districts in the
distribution of S. yokusaiana were selected and two remote
districts filled the gap between the most distant districts. To
estimate the order of speciation and range expansion of the

two Solidago species, we compared 12 alternative demo-
graphic models in all possible six combinations by choosing
two districts from the four districts, each having four
populations (Fig. 1 and Table S1). These combinations were
composed of two populations (each of S. virgaurea and
S. yokusaiana) in one district and also two populations
(each of S. virgaurea and S. yokusaiana) in another district.
To make the observed minor allele site frequency spectrum
(SES), apart from the population genetic analyses, we
removed individuals with a relatively high missing geno-
type rate and filtered out SNPs with a minor allele count <1,
which excludes monomorphic sites, missing genotype
rates of SNPs (geno) >0.0, missing genotype rates of indi-
viduals (mind) >1.0, and significant deviation from
Hardy—Weinberg equilibrium (P <0.01) and leave other
options default using plink 1.90b6.21 and selected one SNP
per read toward raw data processed by Stacks.

To distinguish between multiple origins and a single
origin with gene flow between S. yokusaiana and S. vir-
gaurea in geographic proximity, we performed demo-
graphic modeling using fastsimcoal2 (Excoffier et al. 2013)
based on the minor allele SFS, and fitted the simulated
multidimensional minor allele SFS to the observed multi-
dimensional minor allele SFS of the ddRADseq data with-
out missing genotypes by maximizing the composite
likelihood. For demographic modeling, we constructed and
compared three origin scenarios with 12 alternative demo-
graphic models, including one polytomous divergence
scenario, seven different complex models of multiple-origin
scenarios, and four different complex models of secondary
contact after single-origin scenarios (Fig. 2 and Table S3).

The models of multiple origins represented scenarios for
independent speciation (differentiation) in each district after
range expansion of an ancestor, and included different
population sizes between the ancestral and descendant
populations for district divergence or speciation events
(one, four, or six sizes), different numbers of migration
events (two, four, or eight times), or different numbers of
divergence events (two or three times) (Fig. 2 and Table
S3). As we considered S. virgaurea to be the ancestor of
S. yokusaiana, the local ancestral population could be
considered an identical current population of S. virgaurea.
Therefore, we also reconstructed the models of multiple
origins in which the size of each local ancestral population
equaled that of current S. virgaurea.

The models of a single origin represented scenarios for
secondary contact between the species in each district after
the speciation and range expansion of each species, and
included periods of allopatry between the species, different
population sizes between the ancestral and descendant
populations with district divergences or speciation (one or six
sizes), different numbers of migration events (two, four, or
eight times), or different numbers of divergent events (two or

SPRINGER NATURE
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three times) (Fig. 2 and Table S3). As we considered sec-
ondary contact between the species, we included periods of
allopatry between the species after range expansion (7Tf—
Thnig) in the models of single origin (Fig. 2).
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For the demographic parameters of the coalescent simu-
lations, we fixed the population size of the common ances-
tral population to 10,000 for all demographic models
because we could not use a precise estimate for the mutation
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Fig. 2 Illustrations of the demographic models used for model
selection. The polytomy model for the null hypothesis (P), multiple
origins with different complexities (M1s2m2t, M4s4m2t, M4s8m?2t,
MA4s8m3t, M6s4m2t, and M6s8m2t), and single origin with different
complexities (S1s2m3t, S6s4m3t, S6s8m3t, and S6s8m4t) are shown.
The first alphabet of the model codes indicates polytomy (P), multiple
origins (M), or single origin (S), and the following combination of a
digit and an alphabet of the model codes correspond to the number of
parameters and a class of the parameters; each class of the parameters
corresponds to the population size (s), the number of migrants (m), and
the divergence time (7). For example, a model code M6s4m2t indicates
that the model supposes multiple origins and includes six parameters
for population size, four parameters for the number of migrants, and
two parameters for divergence time. The colors of the rectangles
indicate Solidago virgaurea (light gray) and S. yokusaiana (dark gray)
populations. The horizontal arrows below each model denote the
direction of migration. Bidirectional arrows indicate that the number of
migrants in each direction is equal for each population. The arrows to
the left of the models indicate generations when events occurred
backward in time. The vertical bars in the single-origin models denote
the period of S. virgaurea and S. yokusaiana allopatry. District and
deme correspond to the combinations of populations in Table 1.
N, ancestral effective population size fixed to 10,000. Ny and N3,
ratio of contemporary effective population size to N. N, Np, Ny, and
Ny, ratio of district or species effective population size to N. Ty, the
divergence time of a district or species. Teeo and Tecon, B, the diver-
gence time of species, and species in district A or B corresponding to
Tecon and Teeop, respectively. Tpig and Ty yok, the divergence time of
districts, and districts for S. virgaurea and S. yokusaiana corre-
sponding to Ty and Ty, respectively. Tig_present> Period of sympatry.
2NMDpjis;, eco, and ecoA, B, vir and yoks the numbers of migrants between
districts, ecotypes, and ecotypes in district A or B, for S. virgaurea and
S. yokusaiana, respectively. 2N;M;;, the number of migrants to Deme j
from Deme i. The parameter codes (N, 2NM, and T) with different
subscripts mean the same class of parameters but different parameters
in demographic modeling (e.g., Ny and N, are parameters of population
sizes for deme 1 and 2, respectively, and these population sizes differ
each other).

rate in Solidago. For the other demographic parameters, we
used wide initial search ranges with log-uniform distribu-
tions (Table S3). For each demographic model, we estimated
the multidimensional minor allele SFS (-u -m) using a
composite likelihood method (-M) with 100,000 coalescent
simulations (-n 100,000) and 20 expectation—-maximization
cycles (-L 20), performed ten independent runs to check
convergence, and kept the run with the lowest Akaike’s
information criterion (AIC; Akaike 1974). The AIC values
were calculated from the composite likelihood and the
number of parameters (Excoffier et al. 2013).

To reconstruct the demographic divergence history of the
species, the best-fitting models for each district combination
were identified from among the 12 alternative demographic
models using AIC and used to estimate the demographic
parameters. To obtain the highest-density intervals (HDIs)
for the parameter estimates of the best models, we generated
100 bootstrap pseudo-observed data for each district com-
bination and estimated the parameters from those pseudo-
observed data by specifying the initial parameter values,
which were point estimates of the best models. Then, we

computed the 95% HDIs using the R-package “HDInterval”
(Meredith and Kruschke 2018). To estimate the detailed
demographic history, we performed Wilcoxon signed-rank
tests between the population size of current S. virgaurea
and that of S. yokusaiana in the same district, and the
population sizes of the current and ancestral S. virgaurea.
We also performed pairwise comparisons of the models of
multiple origins using the Wilcoxon rank-sum test on wait
time to speciation, the proportions of the number of gen-
erations between range expansion events, and district spe-
ciation event(s) to the number of generations after the range
expansion event (1 — Teeo/ Thirst)-

Results
Chloroplast haplotypes

We identified 14 chloroplast haplotypes over four noncod-
ing regions from 408 samples (Fig. 3a). Genetic differ-
entiation did not correspond to the species (AMOVA P =
0.7000), but to populations within species (P <0.0001). The
two major haplotypes (a, b) were common to both species,
seven minor haplotypes (e—k) were S. yokusaiana-specific,
three minor haplotypes (I-n) were S. virgaurea-specific, and
two minor haplotypes (¢, d) were common to both species.
The two most common haplotypes (a, b) were broadly
distributed and centered in the haplotype network (Figs. 3a
and S1). The most common haplotype (a) was distributed
throughout the Japanese Archipelago, while the second
most common haplotype (b) was distributed mainly in
Kinki District. The third most common haplotype (c¢) was
distributed north of Chubu. The species-specific haplotypes
were population- or district-specific, and were not clustered
by taxonomy (Figs. 3a and S1). The distribution of haplo-
type a and its derivatives overlapped the distribution of
haplotype b and its derivatives in Kinki and Shikoku Dis-
tricts. The boundary of the distribution of haplotype a and
its derivatives and b and its derivatives corresponded to the
boundary between Chubu and Kinki Districts.

Although the mismatch distribution of the chloroplast
haplotypes was unimodal, the distribution did not fit the
model of sudden population-size expansion (P =0.039,
Fig. S2).

Nuclear single-sequence repeat loci

For population genetic structure analysis, we found 153
alleles across 14 nSSR loci (genotyping rate >99%).
Bayesian clustering analysis of nSSR genotype data implied
that three genetic clusters (K = 3) were optimal by the AK
method (Fig. S3a). The Euclidean distance of the ratio of
the three clusters correlated with the geographic distance
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the symbols and leader lines indicate S. virgaurea (red) and S. yoku-
saiana (blue). The pie charts denote the proportions of haplotypes or
genetic clusters in the populations. a Geographic distribution of
chloroplast haplotypes (nearly 1500 bp, 14 haplotypes). The colors
correspond to the haplotype network (top left). The three major

(partial Mantel P =0.0001), but not with a difference in
species (P = 0.8785). The three clusters of nSSR loci were
distributed in Kinki District northward (red), in eastern
Chugoku and Shikoku Districts (green), and western Chu-
goku, Kyushu, and Okinawa Districts (blue) (Figs. 3b and
S3b). The proportion of the southern cluster (blue) in each
population gradually decreased from south to north, while
the proportion of the northern cluster (red) in each popu-
lation gradually increased from south to north. The pro-
portion of the intermediate cluster (green) in each
population gradually increased from west to east, although
there was a boundary in the cluster distribution between
Shikoku and Kinki Districts (Figs. 3b and S3b).

ddRADseq

To analyze population genetic structure, we used 2321
SNPs from 98 samples (genotyping rate 68%) and 52 sam-
ples were filtered out because of high missing genotyping
rate. The phylogenetic analysis indicated that the genetic
relationship did not correspond to taxonomic groups, but to
geographic areas (Fig. 4). Genetic differentiation did not
correspond to species (AMOVA, P=0.2532), but to
populations within species (P <0.0001). The generalized
skyline plot indicated that the population size of both
Solidago species had increased exponentially (Fig. S4). The
correlations of genetic and geographic distances showed
IBD patterns for S. virgaurea and S. yokusaiana (P =
0.0904 and P = 0.0001, respectively), and the coefficient of
determination was larger for S. yokusaiana (¥ =0.71) than
for S. virgaurea (* = 0.12). Bayesian clustering analysis of
the SNP data implied that four genetic clusters were optimal
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haplotypes are shown in different colors (red, green, and blue), deri-
vatives of haplotype a are light blue, and derivatives of haplotype b are
light green. b Geographic distribution of three genetic clusters of 164
alleles over 14 nSSR loci. ¢ Geographic distribution of three genetic
clusters of 2321 unlinked ddRADseq SNPs.

Okinawa

K ;

Chugoku + Shikoku

Tohoku+Chubu+Kinki

Kyushu

Fig. 4 Unrooted population tree made by the neighbor-joining
method. The numbers on the branches are the percentage bootstrap
values (>70%). The colors of the circles indicate S. virgaurea (red) and
S. yokusaiana (blue). The outer arcs indicate districts of the Solidago
populations.

by the AK method (Fig. S5a). The Euclidean distance of the
ratio of the four clusters correlated to the geographic dis-
tance (partial Mantel P =0.0001), but not to a difference in
species (P =0.6864). The four clusters were distributed
mainly from Kinki District northward (red), and in Shikoku
District (green), Kyushu and Okinawa Districts (blue), and
Chugoku District (yellow) (Figs. 3c and S5b). The pro-
portion of the southern cluster (blue) in each population
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Table 1 District combinations

. . Combinations Districts A Districts B Number of SNPs
and species assignments of the
population pairs used for Tohoku-Chubu Tohoku Chubu 425
demographic modeling.
Tohoku—Chugoku Tohoku Chugoku 571
Tohoku—Okinawa Tohoku Okinawa 476
Chubu—Chugoku Chubu Chugoku 387
Chubu—Okinawa Chubu Okinawa 347
Chugoku-Okinawa Chugoku Okinawa 511
Svir Syok Svir Syok
Deme 0 Deme 1 Deme 2 Deme 3

Districts A and B correspond to the districts in Fig. 2. Deme 0-3 correspond to contemporary deme in Fig. 2.

Svir Solidago virgaurea var. asiatica, Syok Solidago yokusaiana.

decreased gradually from south to north, while the pro-
portion of the northern cluster (red) increased gradually
from south to north. The intermediate clusters were located
on Shikoku and around (green), and Chugoku and around
(yellow), but were relatively infrequent in other popula-
tions. The PCA showed that individuals were clustered by
populations, and populations were also clustered by districts
(Fig. S6). The minimum Patterson’s D statistics for all 495
combinations of four S. yokusaiana were not significant
(Benjamini and Hochberg ¢ values >0.1).

Demographic modeling

For demographic modeling, we used 347-577 SNPs for six
district pairs (Table 1) after excluding loci with missing data
in any individual from the analysis. Model selection based
on the AIC values supported the models representing the
scenarios for multiple origins for all district pairs (Fig. 2 and
Table 2). The M6s4m2t model was supported in four com-
binations of districts (Tohoku—Chugoku, Tohoku—Okinawa,
Chubu-Okinawa, and Chugoku—Okinawa), the M4s4m2t
model was supported for the Tohoku—Chubu combination,
and the M6s8m3t model was supported for the
Chubu—Chugoku combination (Table 2). The models
representing the scenarios for multiple origins were also
supported as the second and third best models for all district
pairs (Table 2).

As the population size of the common ancestral popu-
lation was fixed to 10,000 for the demographic modeling,
all demographic parameters, except for the number of
migrants, will deviate due to deviation of the fixed ancestral
population size from the true value, and therefore the rela-
tive value may be more robust than absolute values (Butlin
et al. 2014). To interpret the demographic parameters as
relative values, we divided the population size and time
parameters by 10,000 or 20,000, respectively. Except for
the Chubu—Chugoku combination, the supported models
did not include the order of speciation between the districts
and different numbers of migrants by the direction of gene

flow (Fig. 2). The size of the local ancestral S. virgaurea
population differed from those of the current S. virgaurea
populations in each district, except for the Tohoku—Chubu
combination, for which the local ancestral and current S.
virgaurea populations were equal based on the best models
(Fig. 2).

The point estimates of the parameters of the best models
were included within the 95% HDIs based on the bootstrap
pseudo-observed data, although the ranges of the 95% HDIs
were wide for some parameters (Table 3). For the bootstrap
data estimate, the current population sizes of S. virgaurea
were larger than those of S. yokusaiana in Tohoku District in
all three combinations with other districts, and in Chugoku
and Okinawa Districts in two of three combinations
(Chubu—Chugoku, Chubu—Okinawa, and Chugoku—Okinawa)
(Wilcoxon signed-rank test, Holm-adjusted P values < 0.05),
and the current populations of S. virgaurea were smaller than
those of ancestral S. virgaurea in Chubu, Chugoku, and
Okinawa Districts in all combinations (Wilcoxon signed-rank
test, Holm-adjusted P values <0.05). For the wait times to
speciation (1 — Teeo/Thir) for the bootstrap samples, the
Tohoku—Chubu combination was smaller than the other
combinations, and Chugoku District in the Chubu—Chugoku
combination was smaller than Chubu District in the
Chubu—Chugoku combination (Wilcoxon rank-sum test,
Holm-adjusted P values < 0.05).

Discussion
Multiple origins of Solidago yokusaiana

The geographic trends for the chloroplast haplotype diver-
sity and genetic clusters estimated by Bayesian clustering
based on nSSR and SNPs, and PCA based on SNPs, did not
correspond to taxonomic species, but to population differ-
ences or localities, implying that S. yokusaiana had multiple
origins in several districts. The reconstructed phylogenetic
tree and IBD patterns with SNPs also indicated that
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% Solidago did not cluster by taxonomic species, but by
o§ <« © »n < 0 population localities. There were no significantly positive
Slesf s values in Patterson’s D statistics, suggesting that all com-

binations of four S. yokusaiana populations are consistent

S with one of the three simple tree topologies. Because vio-
°§ © ® o lation of the topologies indicates sharing of alleles between
Sle==2*2 genetically distant populations, there seem to be no
admixture and homogenization of S. yokusaiana and

:g local S. virgaurea. However, possibility of admixture with
| o B B T genetically very close S. virgaurea cannot be fully exclu-
“ - a - a ded. The model selection based on SNP data supported the
) multiple-origin scenarios in all district combinations
ré o e examined. Schmid and Bazzaz (1990) pointed out limited
< N2 %S g contribution of plasticity in morphology of the genus Soli-
“ - dago (Schmid and Bazzaz 1990). Actually, in S. virgaurea
. in Japan, genetic differentiation was reported between
§ populations with large phenotypic diversity along an
°\§ - % o w elevational gradient (Hirano et al. 2017). In addition, mor-
Sl v e @ phological differences between S. virgaurea and S. yoku-
saiana were maintained in common garden experiments

Q‘cg (personal observations). These facts suggest that phenotypic
% °§ I plasticity is not mainly responsible for theophytic characters

2SN 6 S & in S. yokusaiana. These results imply that S. yokusaiana is a

5 paraphyletic taxon resulting from multiple origins and the

5 [ single-origin scenarios were rejected, even after considering

E § secondary contact. The model selection results indicate that

go § N S. yokusaiana originated at least four times from adjacent S.

2 virgaurea populations in four districts (Tohoku, Chubu,

£ %= Chugoku, and Okinawa). Moreover, it is possible that S.

é S yokusaiana originated independently in other districts

'g § =l ; 2 é because we considered only these four districts for model

> selection. Because the recurrent origin of S. yokusaiana also

é . implies that the species is not cladistic species, taxonomic

E E treatment of S. yokusaiana should be reconsidered in future

g g 0 0 g - g = studies.

8 < The best-supported models, except for the combination

Z s ' Chubu—Chugoku, considered the single-model parameter

é E g for time of speciation in each district (7). Therefore,

ol % e~ 2|8 parameter estimation for the best-supported models could

§~ ol R £ ED not detect differences in the divergence times among the

é‘) - % é districts, because the models indicated that S. yokusaiana
S|E 3 2 populations have differentiated on each district almost at the
2 < 2 a g ; E E % 2 same time. These results imply that some S. yokusaiana
é = - 5 B populations might have diverged at nearly the same time.
2 ° Ca ; 2 More. detailed analyses of the divergence times are neces-
fj il sz ng 3 £ § sary in further study.

= NI -~ : ,

E . slg 5 3 4 Speciation of Solidago yokusaiana

2l |28 222 E|T8¢¢

g RN Ef é 3 g - o The wait time to speciation was smaller for the

: Qi (i og ¢ Q _é g % % -§ Tohoku—Chubu combination than for the others, implying

2 § é é _é é é §0 i % 2 S that the populations in these districts experienced a different

CISIEEEesSSlesz g scenario, with rapid speciation or unique ancestor
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Table 3 Estimates of demographic parameters and the 95% highest-density intervals of the six district combinations.

Tohoku—Chubu

Tohoku—Chugoku

Tohoku—Okinawa

Chubu—Chugoku
M6s8m3t

Chubu—Okinawa
M6s4m?2t

Chugoku—QOkinawa
M6s4m2t

1.17 (0.11-26.31)
1.19 (0.13-20.33)
5.03 (0.12-19.72)
1.39 (0.11-7.68)

19.31 (0.11-79.80)

8.69 (0.12-86.18)

3.80 (0.23-30.20)
5.15 (0.20-37.14)
1.72 (0.16-14.01)
0.97 (0.12-5.29)
13.98 (0.13-78.97)
26.09 (0.29-94.89)
0.02 (0.00-4.39)
0.15 (0.00-1.09)
0.16 (0.00-0.83)
0.04 (0.00-0.56)

3.02 (0.42-16.06)
1.72 (0.16-7.26)
1.21 (0.14-10.09)
0.72 (0.11-3.18)
16.22 (0.14-81.94)
14.64 (0.24-83.33)
0.01 (0.00-2.66)
0.01 (0.00-1.00)
0.14 (0.00-1.06)
0.14 (0.00-1.06)

Md4sdm2t M6s4m2t M6s4m2t
Ny 56.12 (1.84-95.11) 33.83 (0.15-84.31) 23.20 (0.26-84.87)
N, 0.53 (0.13-8.22) 0.53 (0.12-16.40) 0.31 (0.12-16.38)
N, 2.82 (0.18-18.41) 2.08 (0.12-11.29) 0.53 (0.11-6.69)
N3 4.99 (0.35-29.86) 1.48 (0.11-12.93) 0.57 (0.13-6.18)
Ny 52.09 (0.12-105.02)  32.05 (0.19-95.51)
Np 9.29 (0.11-78.25) 2.41 (0.11-77.22)
2NMcon 1.28 (0.00-9.90) 1.53 (0.00-4.10) 1.68 (0.00-11.49)
2NM,.o5 1.01 (0.00-6.58) 0.00 (0.00-2.03) 0.03 (0.00-0.95)
2NM;, 0.42 (0.00-7.10) 0.29 (0.00-3.59) 0.46 (0.00-1.81)
2NMox 0.19 (0.00-3.56) 0.18 (0.00-1.24) 0.00 (0.00-0.48)
2N1My,
2NoM
2N3Mp3
2N)M3;
2N,M,
2NoM>o
2N3M 3
2N\M3,
Teco 0.55 (0.02-3.47) 0.15 (0.01-3.21) 0.14 (0.02-3.10)
Tecon
Tecon
Tticst 0.69 (0.14-3.93) 0.71 (0.184.19) 0.66 (0.14-4.12)

0.06 (0.00-9.73)
0.00 (0.00-13.05)
0.61 (0.00-2.33)
0.18 (0.00-2.22)
0.08 (0.00-2.33)
0.01 (0.00-1.79)
1.92 (0.00-7.34)
0.05 (0.00-3.26)
0.31 (0.02-3.32)  0.19 (0.03-2.38)
0.06 (0.01-2.14)
0.67 (0.01-2.83)
0.77 (0.34-3.94)

1.44 (0.23-4.68) 1.00 (0.28-4.05)

N1, Na, N3, Ny, Nypea and Ny, ep are ratios of contemporary population size to ancient population size. Ty is the first divergence time in units of
twofold ancient population size (number of genes). Teco, Tecon, and Tecop are local divergence times in units of twofold ancient population size
(number of genes). ZNMeCOAv 2NMECOB= ZNMvirv ZNMyok’ 2N1M0], ZNUM]U, 2N3M32, 2N2M32, 2N2M02, 2NOM20, 2N3M|3, and 2N|M31 are the numbers

of migrants in a generation. 95% highest intervals are in parenthesis.

colonization. Sakaguchi et al. (2018b) suggested that the
northern and southern lineages of the Japanese S. virgaurea
complex admix in the middle of the Tohoku and Chubu
Districts. Therefore, a smaller wait time to speciation might
be reflected in an underestimated divergence time due to
ancestral gene flow (Leaché et al. 2014) or recent rediver-
gence after admixture, implying that gene flow or admixing
preceded the speciation of S. yokusaiana. We should
examine secondary contact of the northern and southern
lineages in the Japanese Archipelago carefully because
other local endemic Solidago taxa have been described,
including S. horieana, S. minutissima, and S. virgaurea
subsp. gigantea and var. praeflorens.

The point estimates and upper ranges of the 95% HDIs of
the numbers of migrants per generation for the two species
tended to be higher in the northern districts than in the
southern districts (Table 3). In the Chubu—Chugoku com-
bination, S. yokusaiana might have evolved more recently
in Chubu District than in Chugoku District. These results
were consistent with each other. However, the model
selection might suggest that speciation occurred at a

shortened timescale in both the northern and southern areas
because the only different speciation times for all district
combinations were for the Tohoku—Chubu combination,
which showed more recent evolution than the others, and
the populations in Chubu District, which showed more
recent evolution than in Chugoku District or the
Chubu—-Chugoku combination.

Demography of the two Solidago species

The estimated current population sizes of S. yokusaiana
tended to be smaller than those of S. virgaurea, except in
Chubu District, where the S. yokusaiana population is larger
than the S. virgaurea population. These results are con-
sistent with confinement of the rheophyte habitat to fre-
quently flooded riversides, which is obviously more
restricted than the habitat of the ancestor (Mitsui and
Setoguchi 2012). In Chubu District, the presence of many
relatively large riversides likely caused the opposite result,
as the Japanese Alps (the three highest mountain ranges in
Japan, the Hida, Kiso, and Akaishi Mountains) are located
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in Chubu District. The abundance of steep valleys and large
riversides may harbor larger S. yokusaiana populations or
the concentrated riversides may raise the possibility of gene
flow between sampled and unsampled S. yokusaiana
populations, which may cause overestimation of the popu-
lation size (Beerli 2004). This might explain why the Chubu
populations experienced a unique scenario that differed
from those in other districts. To test the hypothesis, we need
to estimate size of riverside area in each habitat.

The upper ranges of the 95% HDIs of the numbers of
migrants between districts were high in geographically close
combinations (e.g., 7.10 and 3.56 between Tohoku and
Chubu (450km) and 1.81 and 0.485 between Tohoku and
Okinawa (1800 km), Table 3), which is consistent with the
IBD patterns for each Solidago species. Nei’s standard
genetic distance and geographic distance were also sig-
nificantly correlated. The coefficient of determination of
S. yokusaiana (r*=0.71) was larger than that of S. vir-
gaurea (r* = 0.12), implying that S. yokusaiana better fits an
IBD pattern than S. virgaurea. Therefore, direct or indirect
migration among S. yokusaiana populations might be rela-
tively restricted in comparison with current S. virgaurea
populations. The restriction of direct migration is also con-
sistent with the narrow S. yokusaiana habitats, and restric-
tion of indirect migration, i.e., migration between S.
virgaurea and S. yokusaiana populations, might be con-
sistent with the lower fitness of rheophytic traits away from
riversides (Mitsui et al. 2011).

The parameter estimations and 95% HDIs based on
bootstrap data indicated that the current population size of
S. virgaurea in Tohoku District in the Tohoku—Chugoku
and Tohoku—-Okinawa combinations was not smaller than
the ancestral population size. These results are partially
consistent with the supported model for the Tohoku—Chubu
combination, M4s4m?2t, in which the considered population
sizes are equal to the current and ancestral S. virgaurea
populations. In the other districts, the current S. virgaurea
populations may be smaller than the ancestral population.
However, the results of the mismatch distribution of
chloroplast haplotypes and Bayesian clustering with nSSR
and SNPs and generalized skyline plot based on SNPs did
not imply shrinking populations over the entire distribution
range. Since unsampled populations were not involved in
our coalescent simulations, subdivision or derivation of a
population from the ancestral population might have caused
the seeming shrinking of populations in the Chubu, Chu-
goku, and Okinawa Districts.

Mechanism of multiple origins
The multiple-origin scenarios were supported by the
chloroplast haplotypes, nSSR, SNPs, and demographic

modeling. So while the single-origin scenarios can be
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excluded, the alternative mechanisms for multiple origins
described by Johannesson et al. (2010) cannot be excluded
easily. According to Sakaguchi et al. (2018b), the Japanese
S. virgaurea complex may have expanded its range to the
Japanese Archipelago via a northern route through Sakhalin
and a southern route through the Korean Peninsula during
the last glacial period. The northern route crosses the
Mamiya and Soya Straits, where land bridges formed in
the last glacial period (Yashima and Miyauchi 1990) and
the Tsugaru Strait, where a land bridge formed during the
last glacial maximum (Yashima and Miyauchi 1990); the
southern route crosses the Tsushima Strait, where a land
bridge may also have formed (Matsui et al. 1998). The
timing of differentiation between the northern and southern
lineages (Sakaguchi et al. 2018b) may correspond to the last
glacial maximum (26.5-19.0kya, Clark et al. 2009),
implying that S. yokusaiana diverged from its ancestor after
the last glacial maximum. Before 14 kya, the paleoclimate
in the central Japanese Archipelago was cold and dry
(Kigoshi et al. 2017); therefore, there might have been
insufficient suitable environments for rheophytes. When the
climate became warm and wet 14 kya (Kigoshi et al. 2017),
S. yokusaiana might have subsequently been formed in
parallel. Therefore, the wait times to speciation in the four
district combinations, which comprised 80% of the time
after divergence of the district populations, could be par-
tially interpreted as the time lag between range expansion
and the formation of rheophytic environments.

Since the results of the demographic analyses indicated
multiple origins in four districts, and S. yokusaiana has
multiple, common rheophytic traits as a taxonomic species,
it is unlikely that the S. yokusaiana in each district evolved
via independent de novo mutations after the last glacial
maximum, because this would have required adaptive
mutations to arise in multiple districts and at loci related to
rheophytic traits in a relatively short period. Therefore,
independent selection from the standing genetic variation,
which leads to faster adaptation than de novo mutation
(Hermisson and Pennings 2005; Barrett and Schluter 2008;
Clark et al. 2009; Anderson 2012; Ralph and Coop 2015)
and may be a major source of adaptive alleles (Barrett and
Schluter 2008; Anderson 2012; Roda et al. 2013) might be
the mechanism of the multiple origins of S. yokusaiana.
Although adaptation by independent de novo mutation is
unlikely, the spread of adaptive alleles, regardless of their
origin, could have been a limited mechanism for the mul-
tiple origins of S. yokusaiana. The spread of adaptive alleles
with high selection coefficients requires only very low gene
flow (Morjan and Rieseberg 2004) and is enhanced by long-
distance dispersal (Rieseberg and Burke 2001), which could
be facilitated by the plumed seeds of Asteraceae (Sheldon
and Burrows 1973). Although rheophytic adaptive alleles
may be deleterious to S. virgaurea, such alleles might be



Phylogeographic and demographic modeling analyses of the multiple origins of the rheophytic goldenrod... 843

able to spread only in short distances before their elimina-
tion by selection (Schluter and Conte 2009). Or, although
they might be recessive and maintained at very low fre-
quencies in normal habitats (Haenel et al. 2019), the fre-
quency will increase in the habitat where rheophytic
phenotypes are selected for.

The mechanisms of the multiple origins of de novo
mutations, selection from standing genetic variation, and
spread of adaptive alleles are not mutually exclusive
(Johannesson et al. 2010). It is possible that some rheo-
phytic traits or adaptive alleles came from selection on
standing genetic variation and others came from other
mechanisms. The mechanisms of multiple origins may also
differ on scales of time or space. Therefore, further studies
of loci under divergent selection between species are needed
to elucidate the mechanism for the origins of the rheophytic
traits of S. yokusaiana, such as small linear lanceolate
leaves with an almost entire margin, crowded leaves, con-
densed capitula on stems, and hairy achenes.

Data archiving

The haplotype sequences are now being registered in
GenBank (NCBI/DDBJ/EMBL) database and the SNP
datasets will be uploaded to the Dryad Digital Repository
until publication.
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