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The genus Aquilegia L. (columbine), comprising approximately 70 
perennial herb species, belongs to the family Ranunculaceae and 
is widely distributed in North America and Eurasia (Munz, 1946). 
Recently, several new species were reported, bringing the number 
of columbine taxa to about 110 species (Erst et al., 2017, 2020; Luo 
et al., 2018). Although the morphologies and habitats of columbine 
species differ, the phylogenetic resolution of this genus at the mo-
lecular level is very low, and therefore the genus is considered to be 
a widespread population complex. The morphological differences of 
the floral spurs between species of Aquilegia are easily observed and 
attract different pollinators, which has led to the rapid divergence 
of the columbines to form a large number of species (Hodges and 
Derieg, 2009). Moreover, natural hybrids among columbine spe-
cies have also been frequently reported (Taylor, 1967). As a result, 
Aquilegia species have become a model for evolution studies; how-
ever, the phylogenetic trees presented in previous studies contain 
multifurcations, which may be caused by a lack of informative sites 
(Hodges and Arnold, 1994; Bastida et al., 2010; Fior et al., 2013), 
complicating subsequent research on the speciation of this genus. 

It is therefore very important to construct a relatively clear phylo-
genetic relationship of these species for future evolutionary studies.

Genomic sequencing could compensate for the lack of informa-
tive sites in shorter sequences. Notably, the decline in sequencing 
costs in recent years has made this approach possible for all parts 
of the plant genome (nuclear, mitochondrial, and chloroplast). 
Because of the easy interspecific hybridization among Aquilegia 
species, the nuclear genome structure is complex, with a high re-
combination rate (Filiault et al., 2018). The mitochondrial genomes 
of the angiosperms are relatively complex; the order of genes differs 
among species, and only some regions of the genome are conserved 
(Kubo et al., 2000). In contrast, the monophyletic inheritance of the 
chloroplast genome sequence is more suitable for the phylogenetic 
analysis of Aquilegia due to its low recombination rate and high 
level of conservation (Dong et al., 2012; Curci et al., 2015; Downie 
and Jansen, 2015; Nadachowska-Brzyska et al., 2015). Fior et al. 
(2013) selected 21 chloroplast genes with rapid evolutionary rates 
to establish the phylogenetic relationships among Aquilegia species. 
Although the topology of this phylogeny had a lower resolution and 
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PREMISE: Aquilegia is an ideal taxon for studying the evolution of adaptive radiation. Current 
phylogenies of Aquilegia based on different molecular markers are inconsistent, and therefore 
a clear and accurate phylogeny remains uncertain. Analyzing the chloroplast genome, with its 
simple structure and low recombination rate, may help solve this problem.

METHODS: Next-generation sequencing data were generated or downloaded for Aquilegia 
species, enabling their chloroplast genomes to be assembled. The assemblies were used to 
estimate the genome characteristics and infer the phylogeny of Aquilegia.

RESULTS: In this study, chloroplast genome sequences were assembled for Aquilegia species 
distributed across Asia, North America, and Europe. Three of the genes analyzed (petG, rpl36, 
and atpB) were shown to be under positive selection and may be related to adaptation. The 
phylogenetic tree of Aquilegia showed that its member species formed two clades with high 
support, North American and European species, with the Asian species being paraphyletic; A. 
parviflora and A. amurensis clustered with the North American species, while the remaining 
Asian species were found in the European clade. In addition, A. oxysepala var. kansuensis 
should be considered as a separate species rather than a variety.

DISCUSSION: The complete chloroplast genomes of these Aquilegia species provide new 
insights into the reconstruction of the phylogeny of related species and contribute to the 
further study of this genus.
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support for some branches (Fior et al., 2013) than previously con-
structed trees based on fewer chloroplast sequences (Hodges and 
Arnold, 1994; Bastida et al., 2010), the resolution and support rate 
were improved. Hence, the complete chloroplast genome sequence 
is an ideal molecular marker for inferring the phylogenetic relation-
ships of the Aquilegia genus.

The chloroplast genome is a closed-loop structure approximately 
115–210 kbp in size, and generally consists of four parts: two in-
verted repeat regions (IRA and IRB), a large single-copy region 
(LSC), and a small single-copy region (SSC) (Yurina and Odintsova, 
1998; Park et al., 2018). Some plant groups have special chloroplast 
genome structures, such as species of the genus Erodium L’Hér., 
which lack the IR regions (Guisinger et al., 2010). Because of its 
stable genomic structure, identical gene content, and conserved se-
quence (Dong et al., 2012), the chloroplast genome is used as a mo-
lecular marker for the inference of phylogenetic relationships (Li 
et al., 2018; Liu et al., 2018; Lu et al., 2018; Mader et al., 2018; Xie 
et al., 2018) and adaptative evolution (Dong et al., 2018; Fan et al., 
2018). In this study, we assembled and analyzed the chloroplast 
genomes of 14 columbine species from Asia, Europe, and North 
America, and constructed a phylogenetic tree of the genus to shed 
light on radiative speciation in Aquilegia and lay a foundation for 
inferring the evolutionary history of the columbines.

METHODS

Plant materials

Seeds of A. amurensis Kom., A. ecalcarata Maxim., A. oxysepala 
Trautv. & C. A. Mey. var. kansuensis Brühl, A. parviflora Ledeb., 
A. rockii Munz, A. viridiflora Pall., and A. yabeana Kitag. were 
collected from China (Appendix 1), and all voucher specimens 
were deposited in the Northeast Normal University Herbarium in 
Changchun, China (accession numbers NENU_Aq1001–NENU_
Aq1007). Seeds were grown in the greenhouse of Northeast Normal 
University with 12 h of light at 25°C and 12 h of dark at 20°C.

DNA extraction and sequencing

Total genomic DNA was extracted from fresh leaves using a mod-
ified cetyltrimethylammonium bromide (CTAB) method (Doyle 
and Doyle, 1987). Genomic library generation and sequencing were 
used to acquire 2 × 150-bp paired reads generated on the Illumina 
Xten by Biomarker Technologies (Beijing, China). Furthermore, raw 
reads of A. aurea Janka, A. chrysantha A. Gray, A. formosa Fisch. ex 
DC., A. japonica Nakai & Hara, A. oxysepala var. oxysepala, A. si-
birica Schur ex Nyman, and A. vulgaris L. previously published by 
Filiault et al. (2018) were downloaded from the National Center for 
Biotechnology Information (NCBI) Sequence Read Archive data-
base (http://www.ncbi.nlm.nih.gov/sra [accessed December 2018]) 
to assemble the chloroplast genome (Appendix 2).

Chloroplast genome assembly and annotation

To obtain high-quality genome sequences, all reads were filtered as 
follows: remove reads containing adapters, a content of more than 
10% N, or more than 50% low-quality bases (quality value <10). We 
then used the chloroplast_assembly_protocol pipeline to assemble 
the chloroplast genome (Sancho et al., 2018). Briefly, DUK (http://

duk.sourc​eforge.net) was used to extract the chloroplast reads, 
which were filtered using FASTQC version 0.10.1 (Andrew, 2010) 
and Trimmomatic version 0.32 (Bolger et al., 2014). Next, the pass-
filtered reads were de novo assembled using Velvet version 1.2.07 
(Zerbino, 2010), SSPACE Basic version 2.0 (Boetzer et al., 2011), 
and GapFiller version 1.11 (Boetzer and Pirovano, 2012; Nadalin 
et al., 2012), with annotation performed using the online program 
DOGMA (Wyman et al., 2004). Finally, the circular genome map of 
Aquilegia was illustrated using the Organellar Genome DRAW tool 
(Lohse et al., 2013) after manually checking the annotation results.

Repeat sequence characterization

The Perl script MISA (Thiel et al., 2003) was employed to identify 
the location of simple sequence repeat (SSR) loci in the complete 
chloroplast genome sequences. The thresholds used to detect the 
SSRs were 10, 5, 4, 3, 3, and 3 for mono-, di-, tri-, tetra-, penta-, and 
hexanucleotides, respectively. The recognition results were checked 
manually, and the redundant results were removed. REPuter (Kurtz 
et al., 2001) was then used to identify repeat sequences in the chlo-
roplast, including palindromic, forward, reverse, and complemen-
tary sequences. The parameters were set as follows: (1) Hamming 
distance of 3, (2) 90% or greater sequence identity, and (3) a min-
imum repeat size of 30 bp. The default settings were used for all 
other parameters.

Genetic divergence and phylogenetic analysis of Aquilegia

The homologous genes were extracted from 14 Aquilegia species 
using a Python script (available on GitHub, see Data Availability 
Statement), after which these homologous genes were aligned using 
MAFFT version 7.407 (Katoh and Standley, 2013) with the default 
settings. Furthermore, the nucleotide diversity (π) of these homol-
ogous genes was analyzed using DnaSP version 6.0 (Rozas et al., 
2017). To avoid the effect of sequence redundancy when building 
the phylogenetic trees, we selected the LSC regions, IRB regions, 
and SSC regions as arrays. In addition, the published chloroplast 
genome sequences of A. rockii (MK573514.1, NC_033341.1), 
A. ecalcarata (NC_041528.1, MK569474.1), and A. coerulea 
(NC_041527.1, MK569492.1) in GenBank were used. Semiaquilegia 
adoxoides Makino (MH142265.2) was considered as the outgroup 
(Fior et al., 2013; Zhai et al., 2019). The array was aligned using 
MAFFT version 7.407 and was adjusted manually in CLC Sequence 
Viewer 8.0 (QIAGEN Digital Insights, Redwood City, California, 
USA). The maximum likelihood tree was generated using IQ-
TREE version 1.6.12 using 1000 bootstrap replicates (Nguyen et al., 
2015). Meanwhile, the Bayesian inference trees were produced us-
ing MrBayes version 3.2 (Ronquist et al., 2012), based on Markov 
chain Monte Carlo analyses run for 1,000,000 generations. These 
trees were sampled every 1000 generations with the first 250 trees 
discarded in the burn-in period. The program was stopped when 
the standard deviation was less than 0.01. The final tree was visual-
ized in iTOL (https://itol.embl.de/itol.cgi) (Letunic and Bork, 2006).

Natural selection analysis

To identify genes under selection in Aquilegia, the genes of the chlo-
roplast genomes were analyzed with the PAML package (Yang, 2007). 
First, all coding sequences (CDS) of the Aquilegia species and other 
Ranunculaceae species were extracted from the genome sequences 
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using a Python script (Appendix 3). Each single-copy sequence 
was aligned according to its codons using MEGA X (Kumar et al., 
2018) and checked manually, and then used as input for CodeML 
in the PAML package. Moreover, the concatenated alignment was 
also used to construct phylogenetic relationships among species 
using IQ-TREE version 1.6.12 (Nguyen et al., 2015). Finally, each 
CDS alignment was used to calculate the nonsynonymous (dN) and 

synonymous (dS) substitution rates, along with their ratio (ω = dN/
dS). ω > 1 indicates positive selection, ω = 1 indicates neutral se-
lection, and ω < 1 indicates negative selection (Yang and Nielsen, 
2002). The branch-site model (X. Yang et al., 1998; Z. Yang et al., 
1998) was combined with the naive empirical Bayes (NEB) method, 
and the Bayesian empirical Bayes (BEB) method was used to iden-
tify potential positively selected genes using CodeML in the PAML 

FIGURE 1.  Gene maps of the Aquilegia viridiflora chloroplast genome. Genes inside the circle are transcribed clockwise, while genes outside are tran-
scribed counterclockwise (as indicated by arrows). Different colors indicate different functional groups. The dark gray shading within the inner circle 
corresponds to the GC content and the light gray shading corresponds to the AT content. IRA and IRB, inverted repeat regions; LSC, large single-copy 
region; ORF, open reading frame; SSC, small single-copy region.
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package. The null hypothesis allows a ω for each clade (model = 2, 
NSsites = 2, fix ω = 1, and ω = 1), while the alternative hypothesis 
allows a ω for Aquilegia and another ω for other clades (model = 2, 
NSsites = 2, fix ω = 0, and ω = 2). A chi-square test was completed 
with chi2 in the PAML package. A P value > 0.05 suggests the null 
hypothesis should be accepted; otherwise, the alternative hypothesis 
should be accepted and the site should be considered a positively 
selected gene.

RESULTS

Features of Aquilegia chloroplast genomes

The complete chloroplast genomes of the Aquilegia species from 
Asia, North America, and Europe displayed a typical quadripartite 
structure similar to the majority of land plant chloroplast genomes 
(Fig. 1). The sizes of the complete chloroplast genomes ranged 
from 157,689 to 161,387 bp. All complete chloroplast genomes 
were composed of four sections, including an LSC region (86,761–
88,076 bp), an SSC region (17,466–18,879 bp), and two IR regions 
(25,612–28,015 bp). The GC content of the 14 species was very sim-
ilar in both the whole chloroplast genome (38.94%–39.08%) and 
the corresponding regions (LSC [37.43%–37.71%], SSC [33.30%–
33.91%], and IR [43.04%–43.41%]), with the IR regions having the 
highest GC contents (Table 1). These sequence data are available 
in GenBank (accession numbers MT919110–MT9191116 and 
MN809218–MN809224).

The chloroplast genomes of the Aquilegia species contained 154 
genes (98 protein-coding genes, 48 transfer RNA [tRNA] genes, 
and eight ribosomal RNA genes). Most of the genes located in 
the LSC and SSC regions were single copy, while 26 of the genes 
located in the IR regions were duplicated, including 11 protein-
coding genes (rps7, rps12, rps19, rpl2, rpl23, orf42, orf56, ycf2, 
ycf15, ycf68, and ndhB), 11 tRNA genes (trnI-CAU [×3], trnL-CAA, 
trnG-UCC, trnV-GAC, trnI-GAU, trnA-UGC [×2], trnR-ACG, and 
trnN-GUU), and four rRNA genes (rrn4.5, rrn5, rrn16, and rrn23). 
The LSC region comprises 63 protein-coding genes and 25 tRNA 
genes, and the SSC region comprises 13 protein-coding genes and 
a single tRNA gene. Among all the genes, seven protein-coding 
genes (rpoC1, atpF, rpl2, ycf68, ndhB, ndhF, and ndhA) contained 
only one intron, while one protein-coding gene (ycf3) contained 
two introns (Appendix S1).

Repeat analysis

We identified a range of 84–89 repeat sequences in the 14 Aquilegia 
chloroplast genomes, including 45–51 palindromic repeats and 
33–44 forward repeats; reverse and complement repeats were not 
identified (Fig. 2A). In all species, the palindromic repeats were 
56–398 bp in length and the forward repeats were 56–357 bp in 
length (Fig. 2B, C). The SSR analysis of the Aquilegia chloroplast 
genome identified a range of 69–84 microsatellites of six types; 
A. chrysantha and A. viridiflora had the lowest and highest num-
bers of microsatellites, respectively (Fig. 3A). Among all SSRs, 
the most abundant type was mononucleotide repeats, which ac-
counted for 66.51% of the total SSRs, followed by dinucleotide 
(13.32%), tetranucleotide (7.22%), trinucleotide (5.91%), pen-
tanucleotide (4.32%), and hexanucleotide (2.72%) repeats. AT 
repeats accounted for a larger proportion of mononucleotide TA
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repeats (92.95%) than GC repeats (7.05%). Similarly, the AT 
content (90.15%) accounted for a larger proportion than the GC 
content (9.85%) in dinucleotides (Fig. 3B, Appendix S2). Not 
surprisingly, all SSRs were detected in noncoding regions of the 
Aquilegia chloroplast genome.

Sequence divergence and phylogeny of Aquilegia

The π value was used to evaluate sequence divergence in Aquilegia 
chloroplast genomes. In genic regions, the range of variation in π 
was 0–0.00511, with a mean of 0.00061; π of the LSC region (0–
0.00511, with a mean of 0.00055) was higher than in other regions 
(0–0.00453 in the IR regions, with a mean of 0.00041; 0–0.00252 
in the SSC region, with a mean of 0.0013). Overall, these results 
demonstrated that the sequence divergence in Aquilegia chloroplast 
genomes was small, but some regions showed high genetic diver-
sity, such as rpoC2, trnS-GGA, and trnL-CAA (π > 0.004) (Fig. 4, 
Appendix S3).

To reveal the phylogeny of Aquilegia, aligned chloroplast ge-
nome sequences were used to construct phylogenetic trees using 
both maximum likelihood and Bayesian analyses. The two re-
sulting trees showed identical topologies, and the bootstrap val-
ues and posterior probabilities were very high for each lineage. 
The Aquilegia species were divided into two clades: one clade 

contained A. aurea and A. vulgaris from Europe and A. sibirica, 
A. oxysepala var. oxysepala, A. japonica, A. ecalcarata, A. rockii, 
A. viridiflora, A. yabeana and A. oxysepala var. kansuensis from 
Asia; the other clade contained A. formosa, A. chrysantha, and 
A. coerulea from North America and A. amurensis and A. parvi-
flora from Asia. All the topologies supported A. japonica and A. 
oxysepala var. oxysepala as sister clades, and A. sibirica shared 
a common ancestor with them. Interestingly, the A. ecalcarata 
sequence assembled by us clustered with A. rockii, while the A. 
ecalcarata sequence downloaded from GenBank was grouped 
with A. yabeana and A. oxysepala var. gansuensis. In addition, A. 
viridiflora formed a single clade with A. ecalcarata and A. rockii. 
Although A. oxysepala var. oxysepala and A. oxysepala var. kan-
suensis are considered varieties of the same species, they were 
found in two different clades. Similarly, A. japonica and A. amu-
rensis, which are treated as a single species by the Flora of China 
(Li, 2007), were also found in two different clades (Fig. 5).

Positive selection analysis

Positive selection tests were performed on 54 CDS from Aquilegia 
and their related species using the PAML package. No significant 
selection was found to act on the chloroplast genes of Aquilegia 
(P > 0.05), but three genes with a higher posterior probability were 

FIGURE 2.  Analysis of repeat sequences in the Aquilegia chloroplast genomes, performed using REPuter. (A) Number of different repeat sequences 
detected in Aquilegia species. Blue and green represent palindrome repeat sequences and forward repeat sequences, respectively. (B) Length of the 
palindrome repeat sequences in Aquilegia species. (C) Length of the forward repeat sequence in Aquilegia species. In (B) and (C), green, orange, and 
purple represent European species, Asian species, and North American species, respectively.
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detected using the BEB and NEB methods (atpB, petG, and rpl36). 
Therefore, atpB, petG, and rpl36 were considered to be genes poten-
tially under positive selection (Table 2).

DISCUSSION

The structure of Aquilegia chloroplast genomes

In this study, we assembled and annotated the complete chloroplast 
genomes of 14 Aquilegia species, including 10 species from Asia, 
two from Europe, and two from North America. Based on these 
chloroplast genome sequences, we calculated polymorphism and 
inferred the phylogenetic relationships within Aquilegia.

The structure and gene order of chloroplast genomes are 
highly conserved in the angiosperms (Choi et al., 2016). In our 
study, the chloroplast genomes of 14 Aquilegia species showed a 
typical quadripartite structure (Fig. 1), and the gene composition 
and gene order were similar in each species. The expansion or 
contraction of IR regions plays an important role in the length of 
the chloroplast genome (Raubeson et al., 2007; Wang et al., 2008; 
Yang et al., 2010). In the Aquilegia chloroplast genomes, the to-
tal length of the complete sequence was directly proportional to 
the length of the IR region (Table 1). Insertion/deletion polymor-
phisms (indels) in these sequences resulted in variations in the 

length of the Aquilegia chloroplast genome, which is a common 
phenomenon found in Camellia L. (Huang et al., 2014), Quercus 
L. (Yin et al., 2018), Amaranthus L. (Chaney et al., 2016), and the 
other angiosperms (Jiang et al., 2017). Compared with the other 
two regions, the GC content was the highest in the IR regions 
in Aquilegia. This effect may be caused by the presence of more 
rDNA in the IR regions, which has a higher GC content (approx-
imately 50%) (Xie et al., 2018).

Both long repetitive sequences and SSRs with high copy-number 
diversity are valuable and useful molecular markers in studies of 
plant population genetics, phylogenetic reconstruction, and plant 
evolution at the intraspecific level (Wu et al., 2015; Ivanova et al., 
2017). Here, long repeat sequences and SSRs of different lengths 
were found in each species (Figs. 2, 3), indicating that they can both 
be used as molecular markers for research on Aquilegia. Among 
these regions, the SSC region had the highest nucleotide polymor-
phism level, followed by the LSC region; the IR regions had the low-
est nucleotide polymorphism level, indicating that the IR regions 
were most conserved. This result is likely due to the high conserva-
tion of the rDNA in the IR regions (Hershkovitz and Zimmer, 1996). 
The nucleotide polymorphisms of chloroplast genes in Aquilegia 
were smaller than those of other genera, such as Populus L. (Gao 
et al., 2019), Camellia (Li et al., 2019a), and Anguinum Fourr. (Jin 
et al., 2019); however, some variable genes were identified, including 
rpoC2, trnS-GGA, and trnL-CAA (Fig. 4). These regions with high 

FIGURE 3.  Analysis of simple sequence repeats (SSRs) in Aquilegia chloroplast genomes, performed using MISA (Thiel et al., 2003). (A) Number of 
various SSR types (mono-, di-, tri-, tetra-, penta-, and hexanucleotides) detected in Aquilegia species. (B) Type and frequency of each SSR detected in 
the Aquilegia species analyzed.
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levels of polymorphism are also a good resource for studying the 
phylogeny and population genetics of Aquilegia, especially rpoC2, 
which has the highest levels of polymorphism (Walker et al., 2019).

The phylogeny of Aquilegia based on chloroplast genomes

Biogeographic and phylogenetic analyses have indicated that 
Aquilegia had a common ancestor from eastern Asia, and later 
adaptive radiations took place independently in North America and 
Western Europe (Bastida et al., 2010; Fior et al., 2013). Aquilegia 
amurensis is restricted to the northern Greater Khingan Mountains, 
while A. parviflora is distributed in the northern Greater Khingan 
Mountains and Siberia. Despite this, we found these species were 
phylogenetically close to Aquilegia species from North America, 

whereas the remaining Asian species were phylogenetically close to 
Aquilegia species from Europe.

The phylogeny based on the chloroplast genome was not com-
pletely consistent with that of the study by Fior et al. (2013). In our 
study, A. oxysepala var. oxysepala, A. japonica, and A. sibirica fell 
within a single clade; however, Filiault et al. (2018) had concluded 
that A. oxysepala var. oxysepala was located at the base of the phy-
logenetic tree, and A. japonica and A. sibirica shared a most recent 
common ancestor (MRCA). Li et al. (2014) used a combination of 
morphological characteristics, habitat type, and nuclear and chlo-
roplast phylogenies (Bastida et al., 2010; Fior et al., 2013; Li et al., 
2014) of these three species to propose that A. sibirica diverged first 
from the MRCA, and A. oxysepala var. oxysepala and A. japonica 
then differentiated into new species (Li et al., 2019b) containing 

FIGURE 4.  The nucleotide diversity of all chloroplast genes in Aquilegia. Red circles represent highly polymorphic genes.

FIGURE 5.  Phylogenetic relationships of Aquilegia. (A) Phylogeny of all chloroplast genome sequences built using Bayesian inference, with posterior 
probabilities (%) indicated above the branches. (B) Phylogeny of all chloroplast genome sequences using maximum likelihood, with bootstrap val-
ues indicated above the branches. Green, orange, and purple represent European species, Asian species, and North American species, respectively. 
Semiaquilegia adoxoides is included as the outgroup.
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more individuals. Our results also support the research of Li et al. 
(2019b). In addition, the position of A. viridiflora in this study was 
inconsistent with the phylogeny based on chloroplast genes by Fior 
et al. (2013) and the phylogeny by Lu et al. (2019). The inconsistency 

may be caused by incomplete lineage sorting and introgression in 
species undergoing rapid adaptive radiation (Meyer et al., 2017; Cai 
et al., 2020); therefore, the taxonomic status of A. viridiflora is wor-
thy of further study. In addition, according to the Flora of China (Li, 

TABLE 2.  Analysis of the positive selection of all genes in the Aquilegia chloroplast genome based on the branch-site model.

Gene name lnL0 lnL1 df P BEB NEB

psbM −293.77830 −292.80279 1 0.08124 NA NA
psbL −281.27366 −281.27366 1 0.5 NA NA
ccsA −6608.03557 −6608.03529 1 0.5 NA NA
psaC −927.93380 −927.93380 1 0.14717 NA NA
psaB −7228.74873 −7228.74875 1 0.49748 NA NA
rpl33 −957.68785 −957.68785 1 0.5 NA NA
psbF −281.15093 −281.15093 1 0.5 NA NA
psaI −404.70806 −404.70806 1 0.5 NA NA
atpI −2841.63957 −2841.63959 1 0.49944 NA NA
atpH −756.68830 −756.68830 1 0.5 NA NA
rps19 −1282.74781 −1282.74782 1 0.49862 NA NA
rps18 −331.72349 −331.72349 1 0.5 NA NA
ndhK −2320.17644 −2320.17644 1 0.49831 NA NA
ndhJ −1920.71103 −1920.71103 1 0.5 NA NA
ndhA −5351.81643 −5351.81643 1 0.49944 NA NA
atpBa  −6085.06153 −6085.06153 1 0.5 24 A 0.830 NA
ycf4 −2596.58913 −2596.58915 1 0.49411 NA NA
rpoA −5881.89224 −5881.89227 1 0.49691 NA NA
rps14 −1426.69915 −1426.72524 1 0.49495 NA NA
ndhG −2793.36061 −2793.36063 1 0.49813 NA NA
atpE −1748.33822 −1748.33822 1 0.09889 NA NA
psbT −407.74460 −407.74460 1 0.5 NA NA
petN −172.09765 −172.09765 1 0.5 NA NA
ycf3 −1481.19480 −1481.19480 1 0.5 NA NA
psbJ −349.00121 −349.00121 1 0.5 NA NA
psbK −764.88861 −764.88862 1 0.4992 NA NA
ndhb −3100.09672 −3100.09649 1 0.49741 NA NA
ndhC −1479.48370 −1479.48370 1 0.49729 NA NA
atpA −6298.17867 −6298.17869 1 0.49767 NA NA
ndhH −5676.37359 −5676.37359 1 0.49171 NA NA
ndhI −2058.27789 −2058.27791 1 0.49831 NA NA
psbZ −572.70301 −572.70301 1 0.49887 NA NA
rps2 −2861.59762 −2861.59763 1 0.49822 NA NA
petA −4229.69609 −4229.69598 1 0.5 NA NA
psbD −3394.40957 −3394.40956 1 0.49831 NA NA
psbE −724.90892 −724.90892 1 0.49531 NA NA
rpoC2 −21681.02490 −21681.02489 1 0.49874 NA NA
psaJ −520.11363 −520.11362 1 0.5 NA NA
psbN −365.09625 −365.09625 1 0.5 NA NA
psaA −6058.99244 −6058.99242 1 0.49686 NA NA
rpl36a  −480.99354 −480.99353 1 0.17307 NA 0.996b 
psbC −4629.80228 −4629.80228 1 0.5 NA NA
psbB −5837.08819 −5837.08820 1 0.49652 NA NA
psbI −326.55011 −326.55011 1 0.5 NA NA
psbH −1141.77124 −1142.23505 1 0.49944 NA NA
rbcL −5381.09986 −5381.09986 1 0.5 NA NA
matK −8587.46216 −8587.46219 1 0.5 NA NA
ndhE −1430.75023 −1430.75023 1 0.5 NA NA
rpl20 −2045.17646 −2044.24507 1 0.49874 NA NA
atpF −2329.18412 −2329.18414 1 0.5 NA NA
petL −364.79445 −364.79445 1 0.5 NA NA
cemA −3613.71602 −3613.71602 1 0.5 NA NA
petGa  −345.98700 −345.98700 1 0.49851 NA 0.997b 
rpoB −13852.11743 −13852.11743 1 0.49831 NA NA

Note: A = alanine (amino acid); BEB = Bayesian empirical Bayes; NA = not available; NEB = naive empirical Bayes.
aGenes under positive selection. 
bP > 99%. 
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2007), A. oxysepala var. kansuensis is considered a variety of A. ox-
ysepala var. oxysepala, although their morphological characteristics, 
distribution ranges, and habitats all differ from each other. In both 
the present and previous studies (Fior et al., 2013), A. oxysepala var. 
oxysepala and A. oxysepala var. kansuensis showed distant genetic 
relationships; therefore, we suggest that A. oxysepala var. kansuensis 
should be considered as a separate species rather than a variety. The 
phylogenetic tree shows that A. ecalcarata sequences were present 
on two different branches, providing further evidence to the previ-
ous report that A. ecalcarata is not monophyletic with a single ori-
gin and may have a complicated evolutionary history (Huang et al., 
2018). In the future, to infer the phylogenetic relationships of rap-
idly evolving species within Aquilegia, we should collect more va-
rieties and a greater number of species to construct the phylogeny.

Adaptative evolution of Aquilegia

Synonymous and nonsynonymous nucleotide substitution pat-
terns play an important role in adaptive evolution. In Aquilegia, 
no significant positive selection was detected for the majority of 
genes, with only three genes (petG, rpl36, and atpB) showing pos-
sible positive selection; these may have played an important role 
in adaptive evolution in Aquilegia. Based on annotation informa-
tion from the UniProtKB database (https://www.unipr​ot.org), in 
Arabidopsis thaliana (L.) Heynh., petG controls the components of 
the cytochrome bf6-f complex subunit 5, which mediates electron 
transfer between photosystem II (PSII) and PSI, cyclic electron flow 
around PSI, and state transitions (Sato et al., 1999; Kandlbinder 
et al., 2004); the rpl36 gene encodes the 50S ribosomal protein 
L36, which serves as a structural component of the ribosome (Sato 
et al., 1999; Koia et al., 2013); and the atpB gene controls the ATP 
synthase subunit beta, which produces ATP from ADP in the pres-
ence of a proton gradient across the membrane (Sato et al., 1999; 
Friso et al., 2004). Previous studies showed that rpl36 was under 
positive selection in the Araceae and Sophora tonkinensis Gagnep. 
(Fan et al., 2020; Henriquez et al., 2020), while atpB was under pos-
itive selection in Urophysa Ulbr. and the Liliaceae (sensu lato) (Xie 
et al., 2018; She et al., 2020). These genes are highly correlated with 
physiological processes such as photosynthesis and disease resis-
tance; thus, their positive selection may assist Aquilegia species in 
rapid adaptation to various environments and enable their wide 
global distribution.
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APPENDIX 1. Aquilegia sampling information.

Species Latitude (°N)
Longitude 

(°E)
Distribution 

region Size (Gbp) Raw reads
Chloroplast 

reads Depth
Voucher 

specimen

A. viridiflora 40.954 111.672 Asia 13 18,729,599 9,936,532 4774× NENU_Aq1001
A. oxysepala var. 

kansuensis
31.815 109.009 Asia 11 16,161,175 3,273,451 1519× NENU_Aq1002

A. ecalcarata 37.160 102.223 Asia 11 16,159,854 3,721,439 1875× NENU_Aq1003
A. parviflora 50.422 121.476 Asia 9.6 14,222,775 3,179,153 1517× NENU_Aq1004
A. amurensis 52.672 123.870 Asia 9.9 14,758,620 6,110,285 2874× NENU_Aq1005
A. rockii 29.951 101.964 Asia 11 15,337,263 3,696,958 1664× NENU_Aq1006
A. yabeana 33.9125 112.041 Asia 13 18,296,460 3,276,927 1523× NENU_Aq1007
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APPENDIX 2. Information about the Aquilegia sequence data previously published by Filiault et al. (2018) and downloaded from the National Center for 
Biotechnology Information Sequence Read Archive (SRA).a

Species SRA no. Size (Gbp) Chloroplast reads Depth Distribution region

A. aurea SRR405095 25.9 15,526,578 8520× Europe
A. vulgaris SRR404349 27.5 48,865,464 26,870× Europe
A. sibirica SRR405090 25.2 28,912,821 16,384× Asia
A. formosa SRR408554 28.4 11,593,572 7209× North America
A. chrysantha SRR408559 26.8 11,964,708 7209× North America
A. japonica SRR413499 26.6 28,881,079 16,384× Asia
A. oxysepala var. 

oxysepala
SRR413921 28.0 41,390,034 24,248× Asia

aSequencing was performed on the Illumina platform. 

APPENDIX 3. Chloroplast genome sequences downloaded from GenBank.

Species GenBank accession no.

Aconitum brachypodum NC_041579.1
Actaea vaginata MK253451.1
Adonis coerulea MK253469.1
Anemoclema glaucifolium MH205609.1
Anemone raddeana NC_041526.1
Anemonopsis macrophylla NC_041527.1
Aquilegia coerulea NC_041528.1
Aquilegia coerulea MK569474.1
Aquilegia ecalcarata NC_041529.1
Aquilegia ecalcarata MK569475.1
Aquilegia rockii NC_046738.1
Aquilegia rockii MK573514.1
Asteropyrum cavaleriei NC_041530.1
Beesia calthifolia NC_041531.1
Calathodes oxycarpa NC_041475.1
Callianthemum taipaicum NC_041476.1
Caltha palustris MK253465.1
Ceratocephala falcata MK253464.1
Clematis terniflora KJ956785.1
Consolida ajacis NC_041534.1
Coptis chinensis MK569483.1
Delphinium anthriscifolium MK253461.1
Dichocarpum dalzielii MK253459.1
Enemion raddeanum NC_041535.1
Eranthis stellata NC_041536.1
Glaucidium palmatum MK569492.1
Gymnaconitum gymnandrum NC_033341.1
Halerpestes sarmentosa MK253457.1
Helleborus thibetanus NC_041540.1
Hydrastis canadensis MK569495.1
Isopyrum manshuricum NC_041541.1
Leptopyrum fumarioides NC_041542.1
Megaleranthis saniculifolia FJ597983.1
Naravelia pilulifera NC_039542.1
Nigella damascena NC_041537.1
Oxygraphis glacialis NC_041538.1
Paraquilegia anemonoides NC_041479.1
Pulsatilla chinensis MK569491.1
Ranunculus macranthus DQ359689.1
Semiaquilegia adoxoides MK569498.1
Staphisagria macrosperma MN648404.1
Thalictrum thalictroides NC_039433.1
Trollius chinensis NC_031849.1
Trollius ranunculoides MK253447.1
Urophysa rockii MK569502.1


