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HIGHLIGHTS

« The phylogeny and evolution of
Epimedium based on 45 plastomes
were first studied systematically.

« Four types of plastomes were
recognized according to the variation
of inverted repeat boundary.

« A strong support for the sister
relationship of sect. Macroceras and
sect. Diphyllon was revealed.

« The diversification of Epimedium was
estimated in the early Pleistocene
(~2.11 Ma).

« Long spur (large-flowered group)
constituted the plesiomorphic state of
Epimedium.

« Disharmony existed between
molecular phylogeny and traditional
classification of sect. Diphyllon.
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ABSTRACT

Introduction: Epimedium L., the largest herbaceous genus of Berberidaceae, is one of the most taxonom-
ically difficult representatives. The classification and phylogenetic relationships within Epimedium are
controversial and unresolved.

Objectives: For the first time, we systematically studied the phylogeny and evolution of Epimedium based
on plastid genome (plastome) data for better understanding this enigmatic genus.

Methods: We explored the molecular phylogeny, assessed the infrageneric classification, estimated the
divergence times, and inferred the ancestral states for flower traits of Epimedium based on 45 plastomes
from 32 species.

Results: The Epimedium plastome length ranged from 156,635 bp to 159,956 bp. Four types of plastome
organization with different inverted repeat boundary changes were identified. Phylogenetic analysis
revealed a strong support for the sister relationship of sect. Macroceras and sect. Diphyllon but did not
provide a distinct route for petal evolution in sect. Diphyllon. Disharmony between phylogenetic relation-
ships and traditional classification of sect. Diphyllon was observed. Results from divergence time analysis
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showed that Epimedium diverged in the early Pleistocene (~2.11 Ma, 95% HPD = 1.88-2.35 Ma). Ancestral

character state reconstructions indicated transitions from long spur (large-flowered group) to other petal

types (small-flowered group) in Epimedium.

Conclusion: These findings provide new insights into the relationships among Epimedium species and

pave the way for better elucidation of the classification and evolution of this genus.

© 2021 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Epimedium L., a medicinally important and highly speciose
genus of family Berberidaceae, comprises approximately 60 spe-
cies, which are distributed around the world [1-3]. Dispersing
from Japan to Algeria, Epimedium is unevenly distributed in eastern
Asia and the Mediterranean region [1,2]. The species diversity of
Epimedium is highest in China, where approximately 50 species
have been reported [4,5]. Eastern China, which serves as a museum
for herbaceous genera, is the main distribution region of Epime-
dium species [6]. Many Epimedium species have been used to treat
sexual dysfunction, osteoporosis, and cardiovascular diseases in
China, Korea, and Japan for a long time [7]. Considering their great
medicinal value, researchers have studied Epimedium species in
depth.

A long period of time has passed from the first record of Epime-
dium species [8] to the establishment of the most comprehensive
classification system for this genus [1]. According to Stearn’s
monograph [1], Epimedium is divided into two subgenera, four sec-
tions, and four series based on leaf and flower morphology, geo-
graphical distribution, and C-banding of chromosomes. Subg.
Rhizophyllum comprises two species in Algeria and Caucasia. Subg.
Epimedium consists of four sections, namely, Epimedium (two spe-
cies; Alps and Balkan areas and Caucasia), Polyphyllon (one species;
western Himalaya), Macroceras (six species; Japan, Korea, north-
eastern China, and Far Eastern Russia), and Diphyllon (43 species;
central-southeastern China). Sect. Diphyllon is subdivided into four
series, namely, Campanulatae, Davidianae, Dolichocerae, and
Brachycerae, based on flower morphology, particularly petal char-
acteristics [1]. Both of ser. Campanulatae and ser. Brachycerae have
small flowers, and they were differentiated by the flat petals in the
former and the very short petals (saccate or short spurs) in the lat-
ter. Ser. Davidianae and ser. Dolichocerae both have large flowers
and petals with long spurs, and the two are distinguished by the
occurrence and disappearance of basal laminae [1]. Subsequent
phylogenetic studies based on karyotypes and molecular markers
could not completely confirm the widely accepted classification
system of Stearn’s [6,9-13]. Subg. Rhizophyllum and four sections
of subg. Epimedium were consistently supported as five distinct
clades [6,9,12,13]. However, the two subgenera have been proven
to be paraphyletic by Zhang et al. [6] and De Smet et al. [13]. The
relationships of the four sections are poorly supported, except for
the sect. Epimedium, which is the sister of sect. Macroceras
[6,9,13]. The subdivision of sect. Diphyllon could not be well sup-
ported as species from the same series did not cluster into one
clade [6,9,12,13]. Meanwhile, the petal evolution routes of Epime-
dium have not been resolved [9,12,13], and further exploration
on the evolution and origin of this genus is needed.

Some taxonomic questions on Epimedium species are up for
debate because of the morphological variation within and among
some species. Many Epimedium species described at the early
stages were only based on a single locality, and a limited number
of specimens were used. Shortage of adequate investigation and
high-quality specimens hinders the accurate and detailed descrip-
tion of one species [4,14-16], which might impede the assignment
of specimens to the recognized taxa, thereby leading to the
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unnecessary publication of new species and complicating the tax-
onomic relationships among morphologically similar species [13].
On the one hand, some new species that have been published are
synonymous with existing species. Epimedium chlorandrum, E. rhi-
zomatosum, E. brachyrrhizum, E. dewuense, and E. sagittatum var. ob-
longifoliolatum were respectively treated as the synonyms of E.
acuminatum, E. membranaceum, E. leptorrhizum, E. dolichostemon,
and E. borealiguizhouense [3]. On the other hand, the existence of
species complex, which is referred as a cluster of closely related
species, complicates the classification issues of Epimedium. For
instance, E. sagittatum complex, which consists of five species
and three varieties, is the most controversially defined taxa in this
genus [12]. Many species are differentiated based on small varia-
tions of leaf and flower characters, the boundaries between some
taxa are blurred. Therefore, effective methods to resolve phyloge-
netic relationships and assess previous classification of Epimedium
species are urgently needed.

The plastid genomes (plastomes), generally ranging from 120 to
160 kb, are highly conserved in terms of structure, size, and gene
content in angiosperms [17,18]. The plastomes can increase phylo-
genetic resolution at low taxonomic levels in plant phylogenetic
analyses [19], the results of which are used to resolve phylogenetic
relationships of plant groups [20-22]. For example, Niu et al. [20]
found that Triplostegia is composed of four main clades that largely
correlate with geography. The research of Zhong et al. [22] sup-
ported the monophyly of section Obconicolisteri and inferred mul-
tiple independent transitions from distyly to homostyly within this
section. Improved sequencing techniques in combination with the
widespread interest in plastomes have led to the considerable
increase of plastome publishing, with more than 3000 available
in GenBank [23]. The first plastome of Epimedium species (E. kore-
anum) was reported by Lee et al. [24]. Later, other four cp genomes
from E. acuminatum, E. dolichostemon, E. lishihchenii, and E. pseu-
dowushanense were published by Zhang et al. [6] and Sun et al.
[25]. Subsequently, our group reported nine new plastomes from
E. wushanense and its closely related species [26]. These studies ini-
tially explored the structural patterns of Epimedium plastomes and
the phylogenetic relationships among some species. However, the
existing data are not sufficient to comprehensively illustrate the
intricate phylogenetic relationships within the entire genus. Thus,
more evidence is indispensable for further investigation.

For the first time, we used 45 plastid genomes from 32 Epime-
dium species to reconstruct the phylogeny. This study aimed to
do the following: (1) examine infrageneric classification; (2) esti-
mate divergence times; and (3) trace the evolution of the floral
phenotypes in Chinese Epimedium. The results obtained in this
study can improve our understanding of the classification, phy-
logeny, and evolution of this important and enigmatic genus.

Materials and methods

Taxon sampling, DNA Extraction, and sequencing

We collected 45 individuals from 32 Epimedium species. Among
them, 32 plant materials were newly sampled from Jilin, Hubei,
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Hunan, Anhui, Shaanxi, Guizhou, Chongqing, and Sichuan Pro-
vinces of China (Table S1). These samples were all identified by
taxonomists Prof. Yanqin Xu at Jiangxi University of Traditional
Chinese Medicine and Prof. Shunzhi He at Guiyang College of Tra-
ditional Chinese Medicine. Thirteen plastomes previously pub-
lished [6,25,26] were also included. Detailed information is
provided in Table S1, which is ordered according to the classifica-
tion of Stearn [1]. In addition, two species of Vancouveria were
included as outgroups, since this genus is most closely related to
Epimedium [6] (Table S2).

The fresh leaves were frozen at —20 °C before DNA extraction.
Total genomic DNA was extracted and purified using the Plant
Genomic DNA Rapid Extraction kit (Bioteke Corporation, Beijing,
China) in accordance with the manufacturer’s instructions. The
quantified DNA was used to construct shotgun libraries with aver-
age insert sizes of 500 bp and sequenced using Illumina Hiseq X
platform (Illumina, San Diego, CA, USA) in accordance with the
manufacturer’s manual. Raw data from each sample were pro-
duced with 150 bp pair-end read lengths.

Sequence assembly and annotation

Low-quality reads from raw data were filtered using the soft-
ware Skewer v. 0.2.2 [27]. BLAST search was performed against
the available Epimedium plastomes to select the contigs of plastid
origin. ABySS 2.0.0 program [28] was used for initial assembly
using a kmer size of 127. The assembled contigs were compared
with the reference Epimedium genome using MUMmer v. 3.0 [29]
to achieve the correct order of the contigs. Gaps in the assemblies
were filled by Sanger sequencing with specific primers designed
for PCR. To ensure assembly accuracy, the four junctions between
the inverted repeats (IRs) and single-copy (SC) regions were veri-
fied through PCR amplification and Sanger sequencing with speci-
fic primers. All the primers used are listed in Table S3.

Plastome annotation was performed using CPGAVAS2 [24]. The
plastome maps were generated using the Organellar-Genome
DRAW v. 1.3.1 [30] with default settings and were checked manu-
ally. The newly gained plastome sequences were deposited in Gen-
Bank under accession numbers MT560392-MT560423 (Table S1).

Genome structure analyses

The GC content was analyzed using the software Mega 6.0 [31].
Simple sequence repeats (SSRs) were identified using the MISA Perl
script (http://pgrc.ipk-gatersleben.de/misa/). Microsatellites were
detected with thresholds of 10 repeat units for mono-, six repeat
units for di-, four repeat units for tri- and tetra-, and three repeat
units for penta- and hexanucleotide SSRs. The mVISTA program
was used to compare the 45 Epimedium genomes in Shuffle-
LAGAN mode [32]. DNA polymorphism analysis was performed
using DnaSP (DNA Sequence Polymorphism) v6 [33] to calculate
the nucleotide diversity (Pi) and to detect highly variable sites
among Epimedium plastomes with a step size of 200 bp and win-
dow length of 800 bp. The 45 whole plastomes were also aligned
to assess possible rearrangements in GENEIOUS via the MAUVE
plugin [34].

Phylogenetic analyses and ancestral character state reconstruction

Phylogenetic relationships of Epimedium were inferred using
maximum likelihood (ML) and Bayesian inference (BI) methods.
Three data sets were generated for phylogenetic analyses, as fol-
lows: (1) 45 whole plastomes; (2) a concatenated data set consist-
ing of coding sequence (CDS) of the 77 protein-coding genes
(excluding rpl32 gene); and (3) the non-coding regions. Two species
belonging to the genus Vancouveria were chosen as outgroups to
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root the tree (Table S2). Sequences were aligned using MAFFT v.
7.215 [35] and trimmed using trimAl v. 1.4 with option -
automated1 [36]. The ML analyses were performed using IQ-TREE
v. 1.6.12 [37] with 10,000 bootstrap replicates. The best fitting
model was selected by ModelFinder [38] implemented in
IQ-TREE. The BI analysis was performed using MrBayes v. 3.2.2
[39] under a GTR + I + G model selected by Akaike information cri-
terion (AIC) in MrModeltest 2.3 [40]. The analyses were performed
with four parallel Markov Chain Monte Carlo (MCMC) runs for two
million generations, sampling every 100 generations and with a
25% burn-in. Trees were visualized in FigTree 1.4.3 [41].

Taxonomically important morphological characters, such as
petal shape and flower diameter, were selected to analyze the mor-
phological evolution of the Epimedium genus. Morphological infor-
mation was obtained from the description in the Flora of China [2]
and taxonomic literature [16,42-44]. States for the two characters
were defined based on the classification system of Stearn [1] as fol-
lows: petal shape (scheme 1): (0) flat, (1) saccate or short spur, (2)
long spur without basal laminae, (3) long spur with basal laminae;
flower diameter: (0) small flower (shorter than inner sepals, <1 cm
in diameter), (1) large flower (longer than inner sepals, >1 cm in
diameter). We also defined the character states for petal shape
(scheme 2) according to Ying's [45] classification, as follows: (0)
flat, (1) slightly saccate, (2) saccate, (3) short spur, and (4) long
spur. The number of individuals used for ancestral character recon-
struction was reduced to 32, consistent with the number of spe-
cies. The ML tree was constructed using IQ-TREE v. 1.6.12 [37]
with 10,000 bootstrap replicates. The ancestral character state
reconstruction analysis was performed over the ML tree obtained
with the Mk1 model in Mesquite v. 3.6 [46]. The ML and parsimony
criterion were used for character optimization.

Divergence time estimation

BEAST v. 2.5.1 was used to estimate the divergence times [47].
The CDS of the 77 protein-coding genes from 45 individuals of Epi-
medium and 28 species belonging to Ranunculales were involved in
the analysis (Table S2). The nucleotide substitution model GTR + G
was selected. A strict clock analysis with a Yule process speciation
model was specified. We selected two fossils as internal calibration
points: (1) The split between Ranzania and Mahonia-Berberis was
constrained to be 33.8 Ma based on the fossils of Mahonia [48-
50]. (2) The split between Eranthis and Actaea was constrained to
be 55.8 Ma based upon the fossil of Paleoactaea nagelii [50,51]. Log-
normal distributions with 1.0 standard deviation were used for the
two fossil points. The crown group of Ranunculales was con-
strained to a minimum age of 112.0 Ma [50,52]. The root of the tree
was calibrated using a uniform distribution between 112.0 and
124.0 Ma [50]. MCMC chains were run for 10 million generations,
sampling every 1,000 generations. Tracer v. 1.6 [53] was used to
assess the convergence according to the criterion of effective sam-
ple sizes (ESS) > 200. A maximum clade credibility (MCC) tree with
median values was produced after a burn-in of 25% using
TreeAnnotator v. 2.5.1. The chronogram was visualized in FigTree
1.4.3 with 95% highest posterior density (95% HPD) for each node
[41].

Results
Structure features of Epimedium plastomes

The length of assembled Epimedium plastomes ranged from
156,635 bp (E. myrianthum, GZSS) to 159,956 bp (E. davidii, SCFZ)
(Fig. 1). All the plastomes showed a typical quadripartite structure
comprising a large single-copy (LSC) region (85,862-89,643 bp)
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Fig. 1. Gene map of the Epimedium plastomes. (a-d) Type I-IV plastomes represented by that of E. koreanum, E. davidii (SCFZ), E. brevicornu, and E. wushanense. Genes drawn
inside the circle are transcribed clockwise, whereas those outside the circle are transcribed counterclockwise.

and a small single-copy (SSC) region (16,103-17,216 bp) separated
by two inverted repeat (IR) regions (25,218-28,506 bp) (Fig. 1;
Table 1). The average GC content is ~38.8% (Table1). The total num-
ber of unique gene annotated is 112, comprising 78 protein-coding,
30 tRNA, and 4 rRNA genes (Fig. 1).

The number of SSRs identified in 40 Epimedium plastomes ran-
ged from 69 (E. pubescens, SCYA) to 84 (E. koreanum and E. epsteinii)
(Table S4). Six kinds of repeat patterns were screened. Among the
mononucleotide repeats, A/T was abundant (81.8-89.9%), whereas
C/G was rare (2.4-4.2%). Dinucleotides (1.2-3.8%) and trinu-
cleotides (3.8-8.4%) were identified in all samples. Pentanu-
cleotides (0-1.4%) occurred in 25 samples, whereas
tetranucleotides (0-1.4%) and hexanucleotides (0-3.9%) were
found in only five and eight samples, respectively (Table S4). SSRs
were primarily distributed in LSC and SSC region. Most SSRs were
identified in the intergenic regions, followed by introns and exons.
These SSRs could be used to develop potential molecular markers
for species differentiation and population genetics in future
research.

High conservation of plastomes in Epimedium was revealed
using mVISTA (Fig. S1). The alignment showed great similarity
(99.0-99.9%) within the genus with E. wushanense (sample
HBXS_1) as the reference. The non-coding regions were more
divergent than the coding regions. Four intergenic spacer regions,
namely, psbC-trnS-psbZ, accD-psal, ndhF-rpl32-trnL, and ndhD-psaC
were observed, and these had higher Pi values than the other
regions (Pi > 0.005) (Fig. S2). These divergent regions contain abun-
dant variation information and can be used to develop molecular
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markers as potential DNA barcodes for Epimedium species authen-
tication. Moreover, the whole genome alignment analysis results
showed that no genomic rearrangements were detected (Fig. S3).

Phylogenetic analyses

Six phylogenetic trees based on ML and BI analyses of the 77
protein-coding genes, the non-coding regions, and whole plas-
tomes were constructed. The protein-coding data set had an
aligned length of 68,730 nucleotide sites, of which 888 nucleotide
sites (1.29%) were parsimony informative among Epimedium spe-
cies. The non-coding data set comprised 68,163 nucleotide sites,
2,051 (3.01%) of which were parsimony informative. The whole
plastome data set had an aligned length of 159,269 nucleotide
sites, among which 2,927 (1.84%) were parsimony informative
characters. The topologies obtained using ML and BI methods were
nearly identical based on each data set (Figs. S4-S6). Topological
conflicts between the non-coding and the other two data sets were
observed. Considering the protein-coding and whole plastome data
sets yielded better supported trees in comparison with the non-
coding data set, the phylogenetic relationships were discussed
mainly based on the results obtained from the former. Apart from
some weakly supported nodes (E. epsteinii, E. ilicifolium, E. sagitta-
tum, E. wushanense, E. glandulosopilosum, and E. zhushanense), lar-
gely congruent topologies were produced by the protein-coding
and whole plastome data sets (Figs. S4-S5). Two strongly sup-
ported clades were recognizable, and they corresponded to sect.
Macroceras (Clade A) and sect. Diphyllon (Clade B), as classified
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Fig. 2. Phylogenetic tree reconstructed based on the CDS of the 77 protein-coding genes using maximum likelihood (ML) and Bayesian interference (BI) methods. Numbers at
the nodes represent ML bootstrap (BS) and BI posterior probability (PP) values. BS or PP values lower than 50% or 0.5 were indicated by hyphens.

by Stearn [1]. The sect. Diphyllon further diversified into two
clades, and species belonging to different series [1] were nested
together in each clade. Clade C included all the four series, namely,
ser. Campanulatae, ser. Davidianae, ser. Dolichocerae, and ser.
Brachycerae. Clade D comprised ser. Davidianae, ser. Dolichocerae,
and ser. Brachycerae. However, the support for further division of
Clade D into two subclades was low. For species with multiple pop-
ulations, the monophyly of four species (E. koreanum, E. wusha-
nense, E. brevicornu, and E. rhizomatosum) was well supported.
However, the different populations of E. davidii, E. chlorandrum, E.
pubescens, E. leptorrhizum, E. coatum, and E. sagittatum were dis-
persedly nested.

Expansion and contraction of the IR region

High synteny of genes arrangement in Epimedium plastomes
was observed apart from the extent of the IR regions. The differ-
ences in plastome size of Epimedium are primarily attributed to
the extent of the IR region (Fig. 3). All Epimedium plastomes have
the SSC/IRB boundary within the ycf1 gene and the SSC/IRA border
between the pseudogene () ycfl and gene ndhF. Four types of
plastomes were characterized by IR/LSC boundary variation (Figs. 1
and 3). Type I plastomes were identified in Clade A (sect. Macro-
ceras), and these were characterized by the IRA/LSC boundary
within the coding region of rpl23 and the IRB/LSC junction between
Yrpl23 and trnH-GUG. The remaining three types of plastomes
were identified in Clade B (sect. Diphyllon), with IR region expand-
ing by approximately 0.5-3.3 k to the LSC region. Types II and III
corresponded to Clade C, whereas type IV occurred in Clade D.
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The IRA/LSC boundaries of Types I, III, and IV expanded to the cod-
ing region of rps3, rpl22, and rpl2, respectively. The IRB/LSC borders
for these three types of plastomes were correspondingly located
between \irps3 and trnH-GUG, \rpl22 and trnH-GUG, and \rpl2
and trnH-GUG.

In each type of plastome, the same number of duplicated rRNA
and tRNA genes (four and seven) and different number of dupli-
cated protein-coding genes were found (Fig. 1). Type I and Il were
respectively found only in E. koreanum and E. davidii (sample SCFZ),
and these presented the least (17) and most (21) duplicate genes in
the IRs (Fig. 1a, b; Table 1). Type IIl was present in 10 species with
20 duplicated genes (Fig. 1c; Table 1). Type IV was found in 21 spe-
cies with 18 duplicated genes in the IRs (Fig. 1d; Table 1).

Morphological character evolution

The reconstruction of the petal shape (scheme 2) in Epimedium
indicated that the ancestral state is long spur (Fig. 4a). Short spur
and saccate evolved at least three and four times in Clade B, respec-
tively. The slightly saccate evolved at least four times in Clade D.
Lastly, E. platypetalum is flat. Our data suggested that the other four
petal types evolved from the long spur, and no reversals back to
long spur occurred. Our analysis revealed large flower (longer than
inner sepals, >1 cm in diameter) as the ancestral character state for
Epimedium (Fig. 4b). However, ancestral state reconstruction for
petal shape (scheme 1) showed that this character exhibited ram-
pant diversity among the major clades and its ancestral state was
equivocal (Fig. S7).



M. Guo, X. Pang, Y. Xu et al.

Table 1
Characteristics of the Epimedium plastomes generated in this study.
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Latin name Voucher No.  LSC length/bp ~ SSC length/bp IR length/bp  Genome size/bp ~ GC content/%  Genome type  Gene duplicated
in IR (protein-
coding/tRNA/TRNA)

E. koreanum JLCX 89,643 17,216 25,218 157,295 38.71 I 6/7/4

E. davidii SCFZ 85,862 17,082 28,506 159,956 38.82 Il 10/7/4

E. davidii SCYX 86,619 17,064 27,716 159,115 38.8 111 9/7/4

E. brevicornu HBXY_1 86,525 17,015 27,698 158,936 38.82 il 9/7/4

E. brevicornu HBXY_2 86,525 17,015 27,698 158,936 38.82 il 9/7/4

E. chlorandrum SCMP 86,626 16,237 27,694 158,251 38.89 11 9/7/4

E. chlorandrum SCSS 86,542 17,084 27,700 159,026 38.82 11 9/7/4

E. platypetalum SXLP 86,542 17,050 27,851 159,294 38.82 il 9/7/4

E. shuichengense GZSC 86,627 17,070 27,759 159,215 38.8 1 9/7/4

E. stellulatum SXNZ 86,561 17,055 27,730 159,076 38.81 11 9/7/4

E. pubescens SCYA 86,527 17,083 27,715 159,040 38.82 il 9/7/4

E. pubescens SCzZX 86,399 17,037 27,769 158,974 38.83 11 9/7/4

E. gingchengshanense ~ SCQC 86,608 17,068 27,709 159,094 38.81 11 9/7/4

E. rhizomatosum SCST 86,572 17,056 27,733 159,094 38.82 11 9/7/4

E. rhizomatosum SCMX 86,577 17,056 27,733 159,098 38.82 il 9/7/4

E. baojingense GZB] 88,406 17,039 25,778 157,001 38.79 v 7/7/4

E. borealiguizhouense GZQB 88,602 17,039 25,820 157,281 38.78 1\Y 7]7/4

E. coactum GZJH2 88,529 17,088 25,784 157,185 38.78 1\% 717/4

E. coactum GZZM 88,301 17,048 25,833 157,015 38.79 v 7/7/4

E. dewuense GZDW 88,394 17,090 25,784 157,052 38.81 v 717/4

E. epsteinii HBJS 88,542 17,058 25,790 157,180 38.8 1\% 717/4

E. franchetii HBWF 88,452 17,095 25,833 157,213 38.79 v 717/4

E. glandulosopilosum CQWX 88,541 17,062 25,784 157,171 38.79 v 77/4

E. hunanense HBHF 88,366 17,066 25,916 157,264 38.81 v 7]7/4

E. ilicifolium SXBX 88,216 17,037 25,801 156,855 38.77 v 717/4

E. leptorrhizum GZQL 88,447 17,077 25,784 157,092 38.8 v 7/7/4

E. leptorrhizum GZST 88,590 17,034 25,820 157,264 38.77 \Y 7]7/4

E. mikinorii HBES 88,359 17,074 25,776 156,985 38.81 v 717/4

E. myrianthum GZYP 88,376 17,024 25,777 156,954 38.8 v 717/4

E. myrianthum GZSS 88,062 16,877 25,848 156,635 38.79 v 7]7/4

E. pauciflorum SCMS 88,600 17,046 25,692 157,030 38.78 1\% 7]7/4

E. pseudowushanense  GZJH 88,448 17,069 25,780 157,077 38.78 v 7/7/4

E. pseudowushanense ~ GZNW 88,537 17,077 25,789 157,193 38.78 \Y% 717/4

E. pudingense GZPD 88,611 17,052 25,820 157,303 38.77 v 7]7]4

E. sagittatum AHHS 88,437 17,054 25,780 157,051 38.81 v 717/4

E. sagittatum HNJH 88,564 16,103 26,589 157,845 38.76 \Y% 717/4

E. truncatum HNZJ 88,316 17,061 25,833 157,043 38.8 v 7]7/4

E. wushanense HBXS_2 88,577 17,090 25,784 157,235 38.79 v 7]7]4

E. wushanense HBXS_1 88,526 17,091 25,789 157,195 38.8 v 717/4

E. zhushanense HBZX 88,377 16,986 25,930 157,223 38.81 v 7/7/4

Molecular dating

We estimated the divergence times of the major clades within
Berberidaceae based on the CDS of 77 protein-coding genes. The
divergence between Vancouveria and Epimedium was estimated
to occur in the late Miocene (~6.59 Ma, 95% HPD = 6.12-7.06 Ma)
(Fig. 5). Epimedium diverged in the early Pleistocene (~2.11 Ma, 95%
HPD = 1.88-2.35 Ma). Within the genus Epimedium, sect. Diphyllon
probably originated at 1.14 Ma (95% HPD: 1.05-1.23 Ma), and E.
koreanum belonging to sect. Macroceras arose at around 0.06 Ma
(95% HPD: 0.02-0.13 Ma).

Discussion
Phylogenetic and taxonomic inference of Chinese Epimedium

Congruent with previous studies that used different molecular
markers (ITS in Sun et al. [9]; ITS and atpB-rbcL in Zhang et al.
[6]; ITS, trnK-matK and AFLP datasets in De Smet et al. [13]; AFLP
in Zhang et al. [12]), the phylogenetic trees reconstructed based
on the plastome resources strongly supported the sister relation-
ship between sect. Macroceras and sect. Diphyllon, but did not pro-
vide resolution within sect. Diphyllon (Fig. 2). Here, the sect.
Diphyllon was subdivided into two well-supported clades, and
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the species belonging to different series were nested together in
each clade. Moreover, the species were separated with short
branches in our analysis (Figs. S4-S6 and 5), supporting the
hypothesis that the observed polytomy resulted from a recent radi-
ation in the distribution area of Chinese Epimedium taxa [6,13].
Therefore, the common ancestor of Epimedium probably under-
went rapid speciation without sufficient time to accumulate infor-
mative mutations [54]. Given that sect. Diphyllon might still be in
the process of differentiation [10], intensive variation investiga-
tions are essential to document the process of species differentia-
tion for the completion of species descriptions. The
discrimination of E. dewuense and E. dolichostemon is only based
on the differences of shape and indumentum of their leaflets.
Extensive investigations by Zhang et al. [3] revealed that the leaflet
variation between the two species was continuous, and thus, E.
dewuense was treated as a synonym of E. dolichostemon. In our
study, E. dewuense was strongly supported to be a sister to E.
dolichostemon (BS/PP = 100%/1) and in turn supporting the previ-
ous report of Zhang et al. [3]. The clearly identified boundaries of
Epimedium species might be the precondition to resolve the discor-
dance and complexity of this genus.

Despite the incongruence between morphology and phyloge-
netic relationships, occasional evidence of geographic patterning
within the genus was found. Some sister-terminals from different
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Fig. 3. Comparison of boundaries of the large single-copy, small single-copy, and inverted repeat regions among Epimedium plastomes.

species with distinctly morphological characteristics were col-
lected from geographically close locations. For instance, E. platype-
talum (ser. Campanulatae) and E. stellulatum (ser. Brachycerae), both
collected from Nanzheng County, Shaanxi Province, formed a well-
supported clade (BS/PP = 100%/1). Within Clade C, closer genetic
relationship was found among different species from same geo-
graphical areas rather than among the same species from distinct
areas in the individuals collected from Sichuan province (desig-
nated as SC). One population of E. davidii (SCFZ) and E. chlorandrum
(SCMP), both collected from Baoxing County, Ya'an City, Sichuan
Province, formed a subclade. This subclade is sister to a subclade
consisting of another population of E. chlorandrum (SCSS from
Lushan County, Ya’an City, Sichuan Province), E. pubescens (SCYA
from Ya’an City, Sichuan Province), and E. acuminatum
(KU522469 from Baoxing County, Ya'an city, Sichuan Province).
These two subclades consisted of geographically adjacent individ-
uals and formed a well-supported clade (BS/PP = 100%/1). Similar
pattern was also observed in E. sagittatum and its related species,
known as the E. sagittatum complex. The E. sagittatum complex is
the most controversially defined taxonomy in Epimedium due to
transitions and intersections of morphological traits among the
species. Samples of four species in the abovementioned complex,
namely, E. sagittatum, E. coactum, E. myrianthum, and E. pudingense,
were collected in our study. We found that the species of complex
were separately clustered with other species that are geographi-
cally close. The geographic pattern of shared ancestry might be
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attributed to gene flow between species [55], as reported for Euca-
lyptus [56] and Silene [57]. The interspecies similarity of Epimedium
was close to or even higher than intraspecies similarity [15]. Fre-
quent gene flow among sympatric populations due to the dispersal
of pollen or seeds might be one of the reasons for the low inter-
specific differentiation of Epimedium species [58,59].

To conclude, the phylogenetic relationship of Epimedium was
difficult to explain. In view of the widespread distribution of many
Epimedium species and the overlapping distribution areas among
species, further phylogeographic studies based on more popula-
tions are needed.

IR extension in Epimedium species

The contraction and expansion at the IR boundary are common
evolutionary events and are the main reasons for the length varia-
tion of plastomes [60]. High conservation of gene content and
structure in Epimedium plastomes was observed in our study
(Figs. S1 and S3). However, structural changes in the IR/LSC bound-
ary led to the variation of genome size (156,635-159,956 bp) and
deletion of single copy gene. The Epimedium plastomes were
divided into four types according to gene organization. Type I plas-
tomes were identified in Clade A (sect. Macroceras), which pre-
sented the least (17) duplicate genes in the IRs (Figs. 1a, 3). The
remaining three types of plastomes were found in sect. Diphyllon.
Types Il and I occurred in Clade C, with the IR region expanding
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Fig. 4. Ancestral state reconstructions of petal shape (a) and flower diameter (b) in Epimedium. The likelihood of occurrence of each state at each node is indicated by circles
made of colored wedges of different size. The images on the upper left and upper right show the characteristics of the small-flowered (flat, slightly saccate, saccate, and short

spur) and large-flowered (long spur) groups, respectively.

by approximately 2.5-3.3 k to the LSC region and containing up to
21 duplicate genes (Figs. 1b-c, 3). Type IV was identified in Clade
D, with IR region extending by about 0.5-1.4 k to the LSC region
and presenting 18 duplicate genes (Figs. 1d, 3).

Dating the origin of diversification of Chinese Epimedium

Consistent with the previous findings [61,62], the sister rela-
tionship between Epimedium and Vancouveria was confirmed. The
estimated age for their split dated back to the late Miocene
(~6.59 Ma, 95% HPD = 6.12-7.06 Ma), as shown in Fig. 5. The uplifts
of Qinghai-Tibet Plateau (QTP) in association with the Quaternary
climatic oscillations have been discussed in shaping geographic
genetic structure and triggering speciation and diversifications
[63]. The diversification of Epimedium in China was estimated in
the early Pleistocene (~2.11 Ma, 95% HPD = 1.88-2.35 Ma) in our
divergence dating analysis, which corresponds with the extensive
uplifts of the QTP (1.7-3.6 Ma) [63]. The main distribution region
of sect. Diphyllon is in the subtropical (central/east/south) China
[6], including the areas between 21° and 34° N of south China.
The rapid uplift of the QTP has increased the tectonic activities in
Southwest China [64], which may have triggered the early diversi-
fication and shaped the geographical pattern of Epimedium. In
addition, the sect. Diphyllon clade (~1.14 Ma, 95% HPD: 1.05-
1.23 Ma) was inferred to be slightly older than E. koreanum
(~0.06 Ma, 95% HPD = 0.02-0.13 Ma). Severe climatic oscillations
during Pleistocene glacial-interglacial cycles happened in subtrop-
ical China and its adjoining areas [65,66]. The divergence time of
sect. Diphyllon coincided with the largest glaciation on the QTP that
started at approximately 1.2 Mya and reached its maximum
between 0.8 and 0.6 Mya [67]. The environmental changes may
have further affected the genetic structure and geographical distri-
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bution of Epimedium species. Thereby, it is likely that the geological
events and the climate oscillation of the largest glaciation in the
Quaternary contributed to the diversification of Epimedium in
China.

Evolution of petal characters in Epimedium

Flower morphology is a critical feature that can be used to dis-
tinguish Epimedium species [1]. According to the size relationship
between the petals and inner sepals, Epimedium were divided into
two groups, namely, large-flowered group (petals longer than
inner sepals; >1 cm in diameter) and small-flowered group (petals
shorter than inner sepals; <1 cm in diameter) [68,69]. The small-
flowered group consists of four petal types, i.e., flat, slightly sac-
cate, saccate, and short spur, whereas the large-flowered group is
long spur. Ying proposed that China was the distribution and dif-
ferentiation center of the genus Epimedium, with petals evolving
in a continuous way [45]. The flat petal was assumed to be the
ancestral type that evolved into four other types, namely, slightly
saccate, saccate, short spur, and long spur. However, our ancestral
character reconstruction analysis suggested a different history, in
which the long spur (large-flowered group) constituted the ple-
siomorphic state (Fig. 4).

The hypothesis that the evolution of spur length is driven by
pollinator shifts has been examined by phylogenetic evidence in
recent studies [70,71]. In Epimedium, an outcrossing breeding sys-
tem is prevalent with strong self-incompatibility but high cross-
compatibility between infraspecific or interspecific individuals
[72,73]. Two types of effective Epimedium pollinators, namely,
pollen-collecting and nectar-foraging bees, were recognized [74-
76]. Species with spurless flowers were pollinated by only the
pollen-collecting small bees (Andrena spp. and Lasioglossum spp.),
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Fig. 5. Beast maximum clade credibility tree inferred from the coding sequence of the 77 protein-coding genes. The divergence times of each clade is displayed near each
node. Blue bars represent the 95% highest posterior density for the node ages.

whereas species with short spurs were pollinated by both pollen-
collecting visits of Andrena spp. and medium sized nectar-
foraging visits of Tetralonia nipponensis [74,76]. Two types of
effective pollinators were also observed in species with long spurs,
distinguished by large Bombus spp. as nectar-foraging bees [74,75]
Suzuki found that pollen-collecting bees foraged successively on
the Epimedium flowers with different lengths of spurs [74]. The
spur length of Epimedium had no effect on the foraging behavior
of pollen-collecting bees, which might promote gene flow between

species with different spur types. As for nectar-foraging bees, T.
nipponensis that has a short proboscis and Bombus spp. that has a

long proboscis showed preference for flowers with short and long

spurs, respectively, suggesting potential correlations between the
spur length of flowers and the proboscis length of bees. The behav-
ior of this type of bees could strengthen the reproductive isolation
of Epimedium species [74]. Therefore, we suspected that the long
spur, which occurs in more than half of the Epimedium species,
evolved to fit the pollinators shifts. The diversification of petal
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shape likely affects the reproductive success and thereby drove the
evolution of Epimedium. Currently, research about plant-pollinator
interactions of Epimedium species is still scarce. Apart from ade-
quate investigations about plant-pollinator interaction, other envi-
ronmental factors should also be considered to better elucidate the
evolution of petal characters in Epimedium in further studies.

Traditional series-level classification of sect. Diphyllon [1] is
based on petal traits. However, character optimization indicated
that petal shape (scheme 1) is not a suitable and efficient character
for series-level classification, because states of this character have
evolved multiple times within sect. Diphyllon (Fig. S7). Considering
the incongruence between molecular phylogeny (Fig. 2) and tradi-
tional classification of sect. Diphyllon [1], a single morphological
character is insufficient to unequivocally circumscribe the main
clades in the phylogenetic trees. Thus, combining diagnostic mor-
phological characters for the subdivision of the sect. Diphyllon
might be a good strategy.

Conclusions

We presented a comparative analysis of 45 plastomes from 32
Epimedium species and reported a comprehensive study of their
phylogenetic relationships, divergence time estimation, and ances-
tral character state reconstruction for the first time. Four distinct
plastome organizations were found in Epimedium according to
the variation of IR boundary. The phylogenetic analysis supported
the sister relationship of sect. Macroceras and sect. Diphyllon but
could not resolve the further division of sect. Diphyllon into series.
Considerable inconsistency was observed between the molecular
phylogeny and traditional classification of sect. Diphyllon. The Epi-
medium ancestors probably diversified in the early Pleistocene
(~2.11 Ma). Ancestral state reconstruction showed that Epimedium
originated from long spur (large-flowered group). These results
provide valuable information to elucidate the intricate taxonomy,
phylogeny, and evolution process of Epimedium.
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