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Structural rearrangements of Anemone species’ chloroplast genome has been reported
based on genetic mapping of restriction sites but has never been confirmed by genomic
studies. We used a next-generation sequencing method to characterize the complete
chloroplast genomes of five species in the tribe Anemoneae. Plastid genomes were
assembled using de novo assembling methods combined with conventional Sanger
sequencing to fill the gaps. The gene order of the chloroplast genomes of tribe
Anemoneae was compared with that of other Ranunculaceae species. Multiple inversions
and transpositions were detected in tribe Anemoneae. Anemoclema, Anemone,
Hepatica, and Pulsatilla shared the same gene order, which contained three inversions
in the large single copy region (LSC) compared to other Ranunculaceae genera.
Archiclematis, Clematis, and Naravelia shared the same gene order containing two
inversions and one transposition in LSC. A roughly 4.4 kb expansion region in inverted
repeat (IR) regions was detected in tribe Anemoneae, suggesting that this expansion
event may be a synapomorphy for this group. Plastome phylogenomic analyses using
parsimony and a Bayesian method with implementation of partitioned models generated
a well resolved phylogeny of Ranunculaceae. These results suggest that evaluation of
chloroplast genomes may result in improved resolution of family phylogenies. Samples
of Anemone, Hepatica, and Pulsatilla were tested to form paraphyletic grades within
tribe Anemoneae. Anemoclema was a sister clade to Clematis. Structual variation of
the plastid genome within tribe Anemoneae provided strong phylogenetic information for
Ranunculaceae.

Keywords: chloroplast genome, inversion, IR expansion, phylogenomics, Ranunculaceae, transposition, Tribe
Anemoneae
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INTRODUCTION

Comparative analysis of chloroplast genomes can provide
valuable information for phylogeny reconstruction and
resolution of complex evolutionary relationships (Shaw et al.,
2007; Mardanov et al., 2008; Moore et al.,, 2010; Park et al.,
2017; Sun et al, 2017). In angiosperms, plastid genome gene
number and order is conserved (Wolfe et al., 1987). This is
because chloroplast sequences evolve at approximately half the
speed of nuclear regions (Jansen et al., 2005; Walker et al., 2014).
However, sequence rearrangements in chloroplast genomes
have been reported from various kinds of plants (Doyle et al.,
1996; Tangphatsornruang et al., 2011; Walker et al., 2015; Sun
et al, 2017). These rearrangements include large inversions
in large single copy region (LSC), and inverted repeats region
(IR) expansions or contractions into single copy regions with
inversions (Palmer et al., 1987; Tangphatsornruang et al., 2009).
Intramolecular recombination may be the reason for large
inversions in plastid genomes (Ogihara et al., 1988; Hiratsuka
et al., 1989). These inversion events were probably triggered
by tRNA activity (Hiratsuka et al, 1989) or intragenomic
recombination in regions with variable G + C content (Fullerton
et al, 2001; Smith et al., 2002; Walker et al., 2014). Gene
rearrangements and inversions in plastid genomes are believed
to have important value in phylogenetic analyses because they
are rare, homology estimates are easy, and determination of
inversion event polarity is easy (Johansson, 1999; Lee et al,
2007; Jansen et al., 2008; Walker et al., 2014; Yan et al., 2017).
Comparison of whole plastid genomes provides the opportunity
to explore sequence variation. These comparisons also permit
examination of molecular evolutionary patterns associated
with structural rearrangement and elucidation of the molecular
mechanisms underlying those events.

Ranunculaceae, one of the earliest families that diverged
from the eudicots (APG IV, 2016), is composed of more
than 2000 mostly herbaceous species with a global distribution
(Tamura, 1993, 1995; Ro et al., 1997). In recent years, molecular
phylogenetics has provided deep insights and reassessment of
Ranunculaceae taxonomy. Some genera have been reduced
and a new genus (Gymnaconitum) has been proposed based
on molecular phylogentic analysis results (Compton and
Hedderson, 1997; Compton et al., 1998; Ro et al, 1997;
Miikeda et al, 2006; Hoot et al., 2012; Wang et al., 2013;
Falck and Lehtonen, 2014; Jiang et al., 2017a). All molecular
studies to date were mainly based on tandemly repeated
nrDNA and several commonly used plastid regions (Compton
and Hedderson, 1997; Compton et al., 1998; Wang et al,
2005, 2010, 2013; Miikeda et al., 2006; Horandl et al., 2009;
Emadzade et al., 2010, 2011; Jabbour and Renner, 2012;
Falck and Lehtonen, 2014; Cossard et al., 2016; Jiang et al.,
2017a). There are only a few complete chloroplast genomes
published and accessible from GenBank (http://www.ncbi.nlm.
nih.gov). Phylogenetic inferences for Ranunculaceae taxa based
on genomic data have yet to be conducted.

Chloroplast genome structural rearrangements and inversions
in Anemone and other related genera have been previously
reported based on genetic mapping by restriction enzyme site

methods (Hoot and Palmer, 1994; Johansson, 1999). In recent
years, several complete chloroplast genomes of Ranunculaceae
have been published (Chen et al., 2015; Park et al, 2015,
2017; Li et al,, 2016; Park and Park, 2016; Jiang et al., 2017b;
Lim et al, 2017; Szczecinska et al., 2017; Liu et al., 2018).
Recently, Jiang et al. (2017b) and Liu et al. (2018) published
plastome sequences of Anemoclema and Clematis s.I. (including
Archiclematis, Clematis, and Naravelia; Liu et al., 2018), and they
also discovered striking structural rearrangements in plastome
sequence of the reported genera comparing to that of other
Ranunculaceae genera. However, structural variation of tribe
Anemoneae plastomes were not discussed in detail by previous
studies. The phylogenetic significance of the plastid genome
structural variation in tribe Anemoneae and Ranunculaceae still
needs to be assessed.

The tribe Anemoneae (as defined by Tamura, 1995)
traditionally  includes  three  subtribes (Kingdoniinae,
Anemoninae, and Clematidinae), based on previous molecular
phylogenetic studies that did not include the subtribe
Kingdoniinae (Hoot et al,, 2012; Jiang et al, 2017a). For
subtribe Clematidinae, almost all satellite genera of Clematis
(such as Naravelia and Archiclematis) were nested within
Clematis by previous studies (Miikeda et al.,, 2006; Xie et al.,
2011; Lehtonen et al., 2016; Jiang et al., 2017a; Liu et al., 2018).
In subtribe Anemoninae, Hoot et al. (2012) reduced Hepatica,
Pulsatilla, Oreithales, Knowltonia, and Barneoudia to the genus
Anemone using molecular phylogenetic results inferred from
nrlITS and atpB-rbcL regions. This result was consistent with
subsequent findings by Zhang et al. (2015). However, using six
plastid DNA regions, Jiang et al. (2017a) disputed that Anemone
s.I. (sensu Hoot et al., 2012) was confirmed to be a paraphyletic
group and argues that Hepatica should not be included in
Anemone s.l. These two competing phylogenetic hypotheses need
to be reconciled using phylogenomic data.

In this study, we report on complete chloroplast genomes
from five tribe Anemoneae species (Anemoclema, Anemone,
Pulsatilla, and Hepatica). The plastomes of Anemone and
Hepatica are reported for the first time. Together with the
plastome sequence analyses of Clematis s.l., the aims of this
study are to present whole chloroplast genome data for these
species; to compare the plastid genomic structure and sequence
variation within the tribe Anemoneae; to test two alternative
hypotheses (tRNA activity or G + C content variation) that may
cause gene rearrangement events; to test competing phylogenetic
hypotheses within tribe Anemoneae using plastid phylogenomic
data; and to clarify the phylogenetic significance of plastome
structural variation of tribe Anemoneae. We also identified
repeat sequences and SSRs inside these five plastomes. The data
presented in this study should be useful for future phylogenetic
studies of tribe Anemoneae and possibly the rest of the buttercup
family.

MATERIALS AND METHODS
Plant Sampling

We chose to sample five species, Amnemone tomentosa,
A. trullifolia, Hepatica henryi, Pulsatilla chinensis, and
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Anemoclema glaucifolium, for this study. Fresh young plant
leaves were collected from the field for DNA extraction
and were dried with silica-gel. Vouchers were deposited
at the Beijing Forestry University (BJFC) Herbarium. In
our previous study (Liu et al, 2018), complete chloroplast
genome sequences of Clematis, Archiclematis, and Naravelia
were reported. Thus, in this study, we included samples
representing all of the major clades (Hepatica clade, Anemone
s.l. clade, Anemoclema, and Clematis s.l. clade) of tribe
Anemoneae (Hoot et al, 2012; Zhang et al., 2015; Jiang
et al.,, 2017a) to check plastome structural variation. We also
obtained whole chloroplast genomes of other Ranunculaceae
species and outgroup species of Berberis available from
Genbank for structural comparison and phylogenomic analysis
(Table 1).

Sequencing, Plastome Assembly,

Annotation, and Visualization

Approximately 50 mg dried leaves were ground for each species,
and total DNAs were extracted using cetyl-trimethylammonium
bromide (CTAB; Doyle and Doyle, 1987) with the quality of
DNAs assessed by agarose gel electrophoresis. Total DNAs
were subsequently sent to Novogene (http://www.novogene.
com, China) for short insert (350 bp) library construction and
next-generation sequencing. Pair end reads of 2 x 150 bp for
all tested species were generated on an Illumina Hiseq 4000
genome analyzer platform. Original reads were filtered using
the FASTX-Toolkit (http://hannonlab.cshl.edu/fastx_toolkit) to

acquire high-quality data by deleting adaptors and low quality
reads.

We used BLAT analysis with a Python script (Weitemier
et al., 2014) to exclude nuclear and mitochondrial reads using
published plastomes from Ranunculaceae as references. Putative
chloroplast reads were used for de novo assembly to reconstruct
the samples’ complete plastid genomes using Geneious R11
(Kearse et al., 2012) with a low sensitivity setting. Contigs
from de novo assembly were annotated in Geneious R11 and
then were concatenated into larger contigs based on Pulsatilla
vernalis (KR297062) plastomes. All gaps were bridged using
conventional Sanger sequencing. The IR region was determined
using the Repeat Finder function in Geneious R11. The IR
region was subsequently manually inverted and copied to
construct the complete plastome sequence. The IR and SC
boundaries for all three species were checked using Sanger
sequencing.

Complete plastid genomes were manually edited to remove
ambiguous sites. The three plastomes were then annotated
using the Unix program Plann (Huang and Cronk, 2015)
and the annotations were verified using the online program
DOGMA (http://dogma.ccbb.utexas.edu/; Wyman et al., 2004).
If ambiguous annotations were present between Plann and
DOGMA, we determined gene boundaries using the online
program Blast (Gish and States, 1993). Illustrations of circular
plastoms were generated using the Organellar Genome DRAW
tool (Lohse et al., 2013). Final plastid genomes were deposited in
GenBank (Table 1).

TABLE 1 | Reference information for sequenced chloroplast genomes.

Species Sample locality Voucher (Herbarium) Genbank accession Reference
Aconitum chiisanense Incheon, Korea VP0000494117 (NIBR) KT820665 Limetal., 2017
Anemone tomentosa Barkam, Sichuan, China H. J. Liu 1”-1080 (BJFC) MGO001339 This study
Anemone trullifolia Dinggye, Xizang, China PE2013 Tibet 2588 (PE) MH205608 This study
Anemoclema glaucifolium Shangrila, Yunnan, China B.Xu-M417-090(SWFC) MH205609 This study
Archiclematis alternata Nyalam, Xizang, China PE2010 Tibet 963 (PE) MG675221 Liu et al., 2018
Berberis amurensis NA NA KM057374 Unpublished
Clematis brevicaudata Jiufeng, Beijing, China L. Xie 20140706 (BJFC) MG675223 Liu et al., 2018
Clematis fusca var. coreana NA NA KM652489 Park and Park, 2016
Clematis repens Emei, Sichuan, China L. Xie 2015EM24 (BJFC) MG675222 Liu et al., 2018
Clematis terniflora Huzhou, Zhejiang Prov. China Unknown number (HZU) KJ956785 Lietal, 2016
Coptis chinensis NA NA KY120323 Unpublished
Gymnaconitum gymnandrum NA NA KT964697 Unpublished
Hepatica henryi* Emei, Sichuan, China L. Xie 2015EM039 (BJFC) MGO001340 This study
Hydrastis canadensis NA NA KY085918 Unpublished
Megaleranthis saniculifolia Mt. Sobaek, Korea Unknown number (Korea University FJ597983 Kim et al., 2009
Herbarium)
Naravelia pilulifera Yangchun, Guangdong, China L. Xie & S. Liao 2014022 (BJFC) KY120887 Liuetal., 2018
Naravelia zeylanica Machanbaw, Kachin State, Myanmar PT-ET 1281 (PE) MG675224 Liu et al., 2018
Pulsatilla chinensis* Yanaing, Beijing, China L.Xie 2015YQ002 (BJFC) MG001341 This study
Pulsatilla vernalis NA NA KR297062 Unpublished
Ranunculus macranthus NA NA DQ359689 Raubeson et al., 2007
Thalictrum coreanum Gangwon-do, Korea NA KM206568 Park et al., 2015
Trollius chinensis NA NA KX752098 Unpublished

Species with asterisks were collected by this study, whereas others were obtained from Genbank. NA, not applicable.

Frontiers in Plant Science | www.frontiersin.org

July 2018 | Volume 9 | Article 1097


http://www.novogene.com
http://www.novogene.com
http://hannonlab.cshl.edu/fastx_toolkit
http://dogma.ccbb.utexas.edu/
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles

Liu et al.

Plastomes of Tribe Anemoneae

Genome Comparisions

We obtained other complete chloroplast genomes of
Ranunculaceae and an outgroup species Berberis from Genbank
(Table 1) for comparative analyses. The IR/SC boundary regions
of species from tribe Anemoneae were illustrated and compared
to other Ranunculaceae species and Berberis. MAFFT was used to
compare the similarity of plastid genome sequences (Katoh et al.,
2005), and mVISTA was used to export visual results to evaluate
similarity (Frazer et al., 2004). Visual results from mVISTA were
further analyzed using two alignment programs: LAGAN, which
produces true multiple alignments regardless of whether they
contain inversions or not, and Shuffle-LAGAN, which can detect
rearrangements and inversions (Brudno et al., 2003a,b). Detailed
gene inversions and transpositions were identified by comparing
the gene order of Ranunculaceae samples to Berberis with a
whole plastome alignment method that used Mauve v2.3.1.
(Darling et al., 2010).

Analysis of G + C Content at
Inversion/Transposition Borders and
Sliding Window Analysis

The G + C content was calculated for the spacer regions
boundary each of the major inversions and for transpositions
of the tribe Anemoneae’ plastomes. Flanking regions were
defined as the noncoding sequence between the nearest
coding genes on either side of the inversion/transposition
boundary (Walker et al., 2014). We also conducted a sliding

window analysis to identify the nucleotide variability (Pi) in
the inversion/transposition regions using DnaSP version 5
(Librado and Rozas, 2009).

Characterization of Repeat Sequences and

SSRs

We used REPuter (Kurtz et al., 2001) to identify and locate the
repeat sequences for the newly sampled species, including direct,
reverse and palindromic repeats, within the plastid genome. For
repeat identification, the following parameters were used: (1)
30 bp minimum repeat size and (2) 90% or greater sequence
identity (Hamming distance = 3). In order to avoid redundancy,
repeat sequence analysis was carried out with a single IR region.
SSRs were determined using MISA (Thiel et al, 2003) and
parameters were set to 10 repeat units >10 for mononucleotide
SSRs, six repeat units >6 for dinucleotide, five repeat units >5
for trinucleotide, four repeat units >4 for tetranucleotide, and
three repeat units >3 for pentanucleotide and hexanucleotide
SSRs.

Phylogenomic Analysis

We used the plastome sequences of all the other genera
of Ranunculaceae available from GenBank for phylogenomic
analysis. The sampling covered 15 of the family’s genera, seven
of which belong to tribe Anemoneae. There is an accession of
Actaea plastome (NC034704, unpublished) sequence available in
GenBank. However, after extracting genes from this plastome
and doing Blast in GenBank, we found that this sample belongs

Anemoclema glaucifolium
chloroplast genome
160,399 bp
Anemone tomentosa
chloroplast genome
162213 bp.
Anemone trullifolia
chloroplast genome
157,096 bp

Hepatica henryi
chloroplast genome
160,283 bp
S Pulsatilla chinensis
%, chloroplast genome

"

ATP synthaso
NADH dohydrogonaso

ibosomal potoins (S5U)

repeats; LSC, large single copy; SSC, small single copy; Pi, nucleotide variability.

FIGURE 1 | Chloroplast genome maps for Anemoclema, Anemone, Hepatica, and Pulsatilla samples (lefe), and Clematis s.I. (right). Thick lines on the outer complete
circle identify the inverted repeat regions (IRa and IRb). The innermost track of the plastome shows the G + C content. Genes on the outside of the map are
transcribed in a clockwise direction and genes on the inside of the map are transcribed in a counter clockwise direction. INV, inversion; TP, transposition; IR, inverted

Clematis s.1.
chloroplast genome
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to Apiaceae and was mis-identified as Actaea. Thus, we did not
include this sequence in the present analysis. Berberis amurensis
plastome was chosen as the outgroup (Table 1).

In this study, we first separated the complete plastome
sequences into coding regions (protein-coding genes, as well
as tRNA genes and rRNA genes), intergenic spacer regions,
and introns. Gene orders for all samples were tested using
mVISTA, and then were shuffled in the same order with
a Berberis amurensis plastome sequence whenever gene
inversions/transpositions were found. All data sets were then
aligned using MAFFT v6.833 (Katoh et al., 2005) and manually
adjusted by MEGA 7.0 (Kumar et al., 2016). The ambiguous
alignments were removed from the data sets for phylogeny
reconstruction. Substitution models and data partitions for
Bayesian analysis was determined by PartitionFinder v2.1.1
(Lanfear et al., 2016) and the best scheme selected by Akaike
information criterion (AIC; Posada and Buckley, 2004).

Phylogeny reconstruction occurred using data sets of
LSC, SSC, IR, and complete plastomes with Parsimony
(MP) and Bayesian methods. Each data set was further
separated into CDs, intron, intergenic spacer regions
(Ma et al., 2014).

Parsimony (MP) analysis was conducted for all the
separated data sets and the complete plastome data set
using PAUP* 4.0b10 (Swofford, 2003). All characters were
treated as unordered and equally weighted, and gaps were
set as missing data. We used Branch-and-Bound or heuristic
search (1000 replicates), simple addition, and tree bisection-
reconnection branch swapping with MUL-trees to search
the MP tree(s). Branch support values were assessed by
performing 1000 bootstrap replicates using 1000 random taxon
addition replicates with 10 trees held at each step and TBR
swapping.

Bayesian inference (BI) was conducted with MrBayes v3.2.3
(Ronquist and Huelsenbeck, 2003) using partitioned substitution
models tested by PartitionFinder. Two independent Markov
chain Monte Carlo (MCMC) chains were run, each with three
heated and one cold chain for 2,000,000 generations and
sampling trees every 100 generations. The MCMC convergence
in Bayesian inference was checked by AWTY (https://github.

com/danlwarren/RWTY, Warren et al., 2017). The first 20% of
trees were discarded as burn-in with the remaining trees being
used for generating the consensus tree.

RESULTS

Strategies for Assembling Plastomes

We obtained 2.7 Gb of average NGS clean data for each
species, with minimums and maximums of 2.2 Gb (Pulsatila
chinensis, 6,309,984 reads), and 3.3 Gb (Anemone tomentosa,
9,512,414 reads), respectively. Blat analysis selected out 542,906
putative plastid reads for Anemone tomentosa, 451,685 reads
for A. trullifolia, 100,695 reads for Pulsatilla, 128,187 reads
for Hepatica, and 335,675 reads for Anemoclema. Anemone
tomentosa reads obtained three large contigs from de novo
assembly (83,809 bp, 27,444 bp, and 20,496 bp). Three gaps
were bridged using sanger sequencing. For A. trullifolia data,
only one large contig (126,074 bp) was derived that included
complete LSC, IR, and SSC regions and regions without gaps.
For Pulsatilla chinensis plastid reads, eight large contigs ranging
from 3,287 bp to 38,885 bp were obtained. We filled seven
gaps for this sample. For Hepatica henryi, two large contigs
(45,926 bp and 65,671 bp) were obtained and one large gap
(ca. 1.5kb) was filled by designing two pairs of primers. For
Anemoclema data, three large contigs (92,619 bp, 33,225 bp,
and 4,489 bp.) were concatenated. Two gaps were bridged using
Sanger sequencing. Information for all of the gaps and primers
for Sanger sequencing are presented in the Supplementary
Materials.

Size And Structure of Plastomes of the

Samples

The genome size of the five newly sequenced samples ranged
from 157,096 bp (Anemone trullifolia) to 163,669 bp (Pulsatilla
chinensis; Figure 1), and the overall GC content varied from
37.2% (Pulsatilla chinensis) to 37.9% (Anemoclema glaucifolium
and Hepatica henryi; Table 2). All five plastid genomes consisted
of a pair of IRs (31,022-31,490 bp) separated by the LSC (78,795-
82,339 bp) and SSC (16,257-19,100 bp) regions, respectively
(Table 2). The plastomes of the five samples encoded an identical

TABLE 2 | Base compositions of five newly sequenced Anemoneae’ plastomes.

Features Anemone tomentosa Anemone trullifolia Anemoclema glaucifolium Pulsatilla chinensis Hepatica henryi
Genome size 162,213 167096 160399 163,669 160,283
Length of LSC 82,327 78795 80250 82,339 80,558
Length of SSC 16,906 16257 17637 19,100 17,647
Length of IR 31,490 31022 31256 31,115 31,039
Total G + C content (%) 37.6% 37.6% 37.9 37.2% 37.9%
Total number of genes 112 112 112 112 112
Protein encoding 79 79 79 79 79
tRNA 29 29 29 29 29
rRNA 4 4 4 4 4
Genes with introns 18 17 18 18 17
Duplicated in IRs 25 25 25 25 25
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set of 112 genes, including 78 protein-coding genes, 29 transfer
RNAs, four ribosomal RNAs, and 25 genes are duplicated in IRs.
There are 18 genes with introns in the plastomes of Anemoclema,

Anemone tomentosa, and Pulsatilla chinensis, whereas, 17 genes
with introns are present in Anemone trullifolia and Hepatica
henryi plastomes (no introns in rps16).

Aconitum chiisanense

Gymnaconitum gymnandrum

Anemoclema glaucifolium

Archiclematis alternata

Naravelia pilulifera

Naravelia zeylanica

Clematis brevicaudata

Clematis fusca

Clematis terniflora

Clematis repens

Anemone trullifolia

Hepatica henryi

Anemone tomentosa

Pulsatilla chinensis

Pulsatilla vernalis

Ranunculus macranthus

Megaleranthis saniculifolia

Trollius chinensis

Thalictrum coreanum

Coptis chinensis

Hydrastis canadensis

Berberis amurensis
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FIGURE 2 | Comparison of the LSC, IRs and SSC boundary regions of tribe Anemoneae, published Ranunculaceae genera, and Berberis plastomes.
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Chloroplast Genome Comparison

We compared the IR/SC boundary regions of tribe Anemoneae
to other Ranunculaceae species as well as an outgroup from
Berberis. The junction positions are similar and conserved
in tribe Anemoneae, yet differ from other Ranunculaceae

species and Berberis (Figure2). For example, rpsl9-infA
(seven genes) is in the LSC region of Berberis, Hydrastis,
Coptis, Thalictrum, Megaleranthis, Ranunculus, Aconitum, and
Trollius plastomes, but is located in IR in Clematis (including
Archiclematis and Naravelia), Anemoclema, Anomone, Pulsatilla,
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FIGURE 3 | Sequence alignment of tribe Anemoneae, published Ranunculaceae genera, and Berberis plastome using the mVISTA program. A cut-off of 70%
similarity was used for the plot and the Y-scale represents the percent similarity ranging from 50-100%. Blue represents coding regions, and pink represents
non-coding regions. (A) LAGAN method (as described in Materials and Methods); (B) Shuffle LAGAN method (as described in Materials and Methods).
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and Hepatica). This difference makes the IR region of tribe
Anemoneae roughly 4.4kb longer than in other genera of the
family. The gene orders located within the IR-SSC and IR-
LSC boundaries are similar among tribe Anemoneae samples
but different from those in other Ranunculaceae genera
(Figure 1).

To investigate levels of genome divergence, multiple
alignments of plastid genomes were performed (Figures 3A,B
and Supplementary Materials). For mVISTA analysis,
LAGAN, and ShuffleeLAGAN program results differed
because of gene inversion/transposition occurring in tribe
Anemoneae (Figures 3A,B). When using the LAGAN method
(Figure 3A), plastomes of Anemoclema, Anemone, Pulsatilla,
and Hepatica showed consistency in gene order, but carried
large unalignable regions in LSC comparing to Clematis
and other Ranunculaceae species. Plastomes of Clematis s.l.
also showed some unalignable regions compared to other
Ranunculaceae species. Conversely, all of the sequences aligned
well when Shuffle-LAGAN methods were used (Figure 3B).
This approach also revealed high sequence similarity across the
coding region accompanied by more variability in non-coding
regions.

tribe  Anemoneae samples exhibited inversion and
transposition regions that were detected by MAUVE
(Supplementary Materials), compared to other Ranunculaceae
plastomes. In Anemoclema, Anemone, Hepatica, and Pulsatilla,
three inversions are present in the LSC region (Figure 1). The
first inversion 1 (INV 1) is located between trnS-GGA and
trnS-GCU (ca. 40kb in length). The second inversion (INV
2) was between rpsi6 and trnH-GUG (ca. 5k in length). The
third inversion region (INV3) was located in rps4 (ca. 600
bp in length). Two inversions and one transposition were
detected in Clematis s.l. plastomes, with INV2, and INV3 being
similar to those in Anemone s. . plastomes. The transposition
region 1 (TP1) was located between trnL UAA and ndhC (ca.
3k in length; Figure 1). No inversions or transpositions were
found in published plastomes of other Ranunculaceae genera
or in comparison to other plastomes of angiosperm species
like Amborella trichopoda, Berberis amurensis, and Nicotiana
tabacum.

G + C Content at Inversion and
Transposition Borders and Sliding Window

Analysis

The G + C content of the sequence in boundary regions
was detected to be lower than the average G + C content
of whole plastome and all the noncoding regions (Table 3).
The sliding window analysis revealed that higher nucleotide
variability (Pi) was exhibited at SC regions in comparison to
IR regions (Figure 4). Genetic variation was particularly high at
the boundary of INV1, which existed in Anemoclema, Anemone,
Hepatica, and Pulsatilla plastomes. The INV2 and TP1, found
in Clematis s.I. plastomes, has a high nucleotide varability at
the borders as well. However, we did not find high genetic
variation in INV3, which is shared among all the Anemoneae
species.
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FIGURE 4 | A sliding window analyses of the whole plastid genomes of Clematis s.I. (upper) and Anemoclema, Anemone, Hepatica, and Pulsatilla samples (lower).
Circles identify the regions bordering inversion sites, and lines parallel to the x-axis identify the positions of the LSC, SSC and IR regions.
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Repetitive Sequences

We detected a total of 173 repeats including direct, reverse,
palindromic and complement repeats in the five newly sequenced
plastomes (Figure5). The most common repeat types are
direct repeats, which account for 45% of the total repeats,
followed by palindromic repeats (35%) and reverse repeats
(16%). The only two complement repeats were found in
Pulsatilla plastomes. Most of the repeats were short, ranging
from 30-59 bp. However, a few much longer direct and
reverse repeats (up to more thanl00 bp) were found in
Hepatica and Anemone plastomes. The majority of repeats were
located in noncoding regions (84%), among which only 3%
were found in introns. There were 16% repeats detected in
CDs.

We also investigated repeats that are shared among plastomes
of the five samples by using strict criteria, i.e., repeats which
are identical in length and located in homologus regions
were defined as shared repeats. Under this criteria, there were
four repeats shared by all five species. All tested plastomes
possessed their own repeats, with the number varying from
13 (Hepatica henryi) to 32 (Pulsatilla chinesis; Figure 5). These

repeats may serve as potential population genetic markers for
further studies.

SSR Polymorphisms

We identified 57, 57, 43, 51, and 61 SSRs in Anemone tomentosa,
A. trullifolia, Anemoclema glaucifolium, H. henryi, and P.
chinensis, respectively (Table 4). A mononucleotide repeat unit
(A/T) was found to be the most abundant, accounting for 65-95%
among the five species. This was followed by a dinucleotide repeat
unit (AT/AT) with particular numbers of four, six, one, three and
two SSRs, respectively. The trinucleotide repeat unit (AAT/ATT)
was detected in Anemone trullifolia, Hepatica henryi, and
Pulsatilla chinensis, and only one tetranucleotide repeat (AAGT)
was found in Anemone tomentosa. Multiple pentanucleotide
repeats were detected in Anemone tomentosa, Hepatica henryi,
and Pulsatilla chinese. One hexanucleotide repeat was present
in Pulsatilla chinensis plastome. The mononucleotide repeat
unit C/G was also identified in all five species. Within the
five plastomes, SSR loci were mainly located in IGS, followed
by locations in CDS and introns. As expected, most SSRs
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were located in the LSC region, followed by SSC and IR by PartitionFinder. The length of each coding region, intron,

regions. intergenic spacer, and models of each partition subset tested by
PartitionFinder are provided in the Supplementary Material.
Phylogenomic Analysis Parsimony analysis of the major Ranunculaceae clades did

Phylogenies, reconstructed with each data set and by both  not resolve the sister relationship of Aconitum clade and
methods were consistent with each other and only differed  Ranunculus + tribe Anemoneae clade. The Thalictrum, Trollius,
for some nodes’ supporting values. Because complete plastome  and Megaleranthis clade was also not fully supported by MP
sequence data provided the most robust phylogeny, we used this ~ analysis (Figure 6). The Bayesian analysis using partitioned
result (Figure 6). Excluding ambiguous aligments, the complete ~ models resolved all of the family’s major clades. Except for the
chloroplast genome data set alignment was 123,519 bp in length ~ Clematis s.1. clade, all clades were fully supported (PP = 1) by the
(including 16,916 informative characters). Only one parsimony  Bayesian method.

tree with 58,536 steps was searched, along with a consistency tribe Anemoneae was supported by our phylogenomic
index (CI) of 0.75, and a retention index (RI) of 0.75. The  analyses and was closely related to Ranunculus. There was strong
Bayesian analysis used partitioned substitution models checked ~ support for grouping Archiclematis, Clematis, and Naravelia as
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TABLE 4 | Simple sequence repeats (SSRs) for five newly sequenced plastome samples.

Genomes Repeat units Number

Location Region

Intron
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a sister clade to Anemoclema. Samples of Anemone, Pulsatilla,
and Hepatica did not group as a clade but as a paraphyletic
grade in tribe Anemoneae. The Hepatica henryi + Anemone
trullifolia (sect. Omalocarpus) clade was a sister clade to Clematis
+ Anemoclema. Aneome tomentosa (sect. Rivularidium) -+
Pulsatilla clade was found to be the first diverged clade within
the tribe.

DISCUSSION

Structual Rearrangements of Chloroplast

Genome Detected in Tribe Anemoneae

We found two derived types of chloroplast genomes in tribe
Anemoneae compared to other genera within Ranunculaceae,
with one type (with two inversions and one transposition
regions) in Clematis s.I. and the other (with three inversions)
in the rest of the tribe’s genera (Figures1, 6). These gene
rearrangements clearly bear important phylogenetic information.
Two inversions (INV2 and INV3) in Clematis s.1. plastome were
also present in Anemoclema, Anenome, Hepatica, and Pulsatilla

plastomes. Thus, the presence of INV2 and INV3 could be
considered as a synapomorphy of tribe Anemoneae. The largest
inversion (INV 1) is present in Anemoclema, Anemone, Hepatica,
and Pulsatilla plastomes, and these samples were paraphyletic to
Clematis s.l. clade (Figure 6). This suggests that the presence of
INV 1 may be a pleisiomorphy within the tribe. In contrast, the
only transposition region (TP 1) present in the Clematis s.I. clade
may represent a synapomorphy for Clematis, Archiclematis, and
Naravelia. The phylogenomic results suggest that the ancestor
of tribe Anemoneae may have a plastome sequence similar to
that of Anemone, Anemoclema, Hepatica, and Pulsatilla which
carried three inversions in its LSC regions. Two steps of gene
rearrangements subsequently occurred in the plastome sequence
of the Clematis s.l. ancestor. One of these was the loss of INV I,
and the other was the addition of TP1.

Inversion and transposition events in the chloroplast genome
may be triggered by tRNA activity (Hiratsuka et al., 1989; Walker
et al., 2014) or intragenomic recombination at regions with
variable G + C content (Fullerton et al., 2001; Smith et al., 2002).
In this study, we evaluated the G + C content at the boundaries
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of each inversion and relocation (Table 3). The regions flanking
inversions and relocations had lower G 4 C contents than non-
coding regions of the whole plastome. In contrast, the flanks of all
inversion/transposition regions had tRNA genes, as well as higher
genetic variation (Figure 4). The tRNA activity, higher genetic
variation, and lower G + C content present in flank regions could
be the key factors promoting gene rearrangements in chloroplast
genomes.

IR Expansion, Gene Duplications, and
Other Genomic Features in Tribe

Anemoneae
Although genome size and overall genomic structure are highly
conserved in land plants, IR expansion/contraction is common

in plastid genomes and is the main outcome of plastid gemone
length variation in angiosperms (Kim and Lee, 2004). Gene
duplications in plastid genomes are mainly caused by the
expansion of the IR region to single copy regions (Goulding et al.,
1996). Expansion events that result in the duplication of single
genes, parts of genes, or several genes, have been documented
in several plant taxa. This includes a 12-kb expansion in
Nicotiana acuminata (Goulding et al.,, 1996), 4-kb expansion
in Jasminum nudiflorum (Lee et al,, 2007), and a remarkable
50-kb expansion in Pelargonium (Chumley et al., 2006). In
Ranunculaceae, the termini of two genes, rps19 and trnH-GUG,
were previously reported to have migrated into adjacent IRs (Park
etal., 2015).

We observed an approximately 4.4kb expansion of the IR
toward the LSC region in tribe Anemoneae. This expansion
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caused duplicate copies of six ribosomal protein genes (rps8,
rpll4, rpll6, rps3, rpl22, rpsl19). These are single genes in
other genera of the family, such as Ranunculus, Thalictrum,
Megaleranthis, Trollius, and Aconitum (Hoot and Palmer, 1994;
Chen et al,, 2015; Park et al., 2015), as well as most other
angiosperms. For this reason, this IR expansion could also be
considered as a synapomorphy of tribe Anemoneae.

Simple sequence repeats (SSRs), also known as microsatellites,
are often used as genetic markers for population genetics studies.
This is because they provide rich information for population
genetics and evolutionary studies (Powell et al., 1995). However,
plastid SSRs were rarely used in tribe Anemoneae. We identified
43 to 61 chloroplast SSRs in the five samples we evaluated
(Table 4). Our results showed that Anemone tomentosa, Hepatica
henryi, and Pulsatilla chinensis have pentanucleotide repeats in
their plastomes, and that the Pulsatilla chinensis plastome has
hexanucleotide repeats. The rich diversity of chloroplast SSR loci
provides opportunities to survey the population genetic structure
of those species.

Phylogenomic Inference

All previous phylogenetic studies of Ranunculaceae were based
on small numbers of DNA regions (Ro et al., 1997; Wang et al.,
2009, 2016; Cossard et al., 2016), and there is a need for improved
resolution of Ranunculaceae phylogeny needs to be further
improved. In this study, phylogeny inferred from complete
chloroplast genomic data was better resolved and more rigorous
than previous studies (Figure 6), thereby demonstrating that
plastome sequences may provide the ideal data sets for resolving
family phylogenies. tribe Anemoneae was supported and tested
to be sister to the genus Ranunculus, which is in agreement
with morphological classifications (Tamura, 1995) and previous
molecular phylogenetic studies (Wang et al., 2009, 2016; Cossard
et al,, 2016). Although the gene order of Anemoclema plastome
was found to be identical with Anemone (Figure 1), this genus
has a sister relationship to Clematis clade (Figure 6) as previously
reported by molecular phylogenetic analyses (Zhang et al., 2015;
Jiang et al., 2017a). Unlike results by Hoot et al. (2012), samples of
Anemone, Hepatica, and Pulsatilla did not form a monophyletic
group. Thus, our results did not supported classification by
Hoot et al. (2012), which included Hepatica into Anemone
s.l.

In this study, Hetapica henryi, and Anemone trullifolia
(sect. Omalocarpus) are grouped together, whereas Pulsatilla
chinensis and Anemone tomentosa (sect. Rivularidum) are
grouped and these two clades were paraphyletic to the
Anemoclema + Clematis clade (Figure 6). These results are
somewhat similar to the phylogenetic analyses by Jiang et al.
(2017a), but still different with their phylogenetic topology.
In Jiang et al. (2017a), Pulsatilla + sect. Rivularidum clade
was sister to Anemoclema + Clematis clade, and Hepatica +
sect. Omalocarpus clade was outside. In the present study,
Hepatica 4 sect. Omalocarpus clade was sisiter to Anemoclema
+ Clematis clade, whereas Pulsatilla + sect. Rivularidum
clade was outside. Statistical support of sister relationshisp of
Pulsatilla + sect. Rivularidum clade and Anemoclema + Clematis

clade by Jiang et al. (2017a) was not very strong. However,
the sister relationship of Hepatica + sect. Omalocarpus and
Anemoclema + Clematis clade was fully supported by both MP
and Bayesian analyses by plastome phylogenomic analyses in this
study.

Within tribe Anemoneae, generic relationship within subtribe
Clematidinae (sensu Tamura, 1995) was clear. All the small
genera like Archiclematis and Naravelia should be included
into Clematis s.I. (Miikeda et al., 2006; Xie et al., 2011; Zhang
et al,, 2015; Liu et al,, 2018; Jiang et al., 2017a), and its sister
relationship was supported by all the analyses (Zhang et al.,
2015; Jiang et al., 2017a; and this study). However, subtribe
Anemoninae (sensu Tamura, 1995) showed very complicated
evolutionary patterns. Simply grouped together and treated
them as Anemone s.I. should be reconsidered. According to
this study, subtribe Anemoninae should be separated at least
three genera (Anemoclema, Anemone s.1. including Pulsatilla and
Pulsatilloides, and Hepatica including sect. Omalocarpus, sect.
Anemonidium, and sect. Keiskea) as suggested by Jiang et al.
(2017a), and Anemoclema is better to be treated as a member of
subtribe Clematidinae.
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