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Abstract

Background The columbine genus (Aquilegia) contains many species with horticultural and pharmaceutical
importance. However, a well-resolved phylogeny for this genus remains lacking owing to recent and rapid radiation.
We obtained plastomes of 75 Aquilegia species and six species of other genera in Thalictroideae to reconstruct a
robust phylogeny for Aquilegia. Within the phylogenetic framework, we investigated the evolutionary patterns of
structural variations in Aquilegia plastomes. We also examined appropriate molecular markers for species identification
of this genus.

Results Plastid phylogenomic analyses show that Aquilegia is monophyletic and divided into two major clades

and eight subclades, largely in agreement with species geographical distributions. Aquilegia plastomes have copy
number variations (CNVs) of genes at the boundaries of IR/SC regions. An inversion was identified in the large single-
copy region (LSC) plastomes of Aquilegia, Semiaquilegia, and Urophysa. The inversion was adjacent to three distinct
structures (type I-lIl) in LSC region, each characterized by presence or absence of different short inverted repeat (sIR)
regions. The most recent common ancestor of Aquilegia species was type Ill, and other two types were derived by
shortening or loss of sIRs. Ten hypervariable regions were identified in Aquilegia plastomes.

Conclusions We present a well-resolved phylogeny for Aquilegia. The CNVs of genes were observed frequently at the
boundaries of IR/SC regions and sIR regions in the genus, and the inversions and sIR in LSC regions have phylogenetic
signal and lead to notable variations in gene content and length of plastomes. The new hypervariable regions can

be used for phylogenetic analyses and molecular identification of Aquilegia. This study provides new insights into

the structural evolution of plastome in angiosperms, and also have important implications for the conservation and
utilization of Aquilegia species.
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Background

Plastid genomes (plastomes) of angiosperms are gener-
ally recognized to be highly conserved in gene content
and structure [1-3]. Typical angiosperm plastomes dis-
play a quadripartite circular structure, including two
inverted repeat regions (IRs), a large single-copy region
(LSC), and a small single-copy region (SSC) [4, 5]. How-
ever, many studies have identified structural variations
(SVs) in the plastomes of heterotrophic plants, i.e., para-
sites and mycoheterotrophs have more presence/absence
variations (PAVs) in their plastomes causing by the loss
of gene functions [6-9]. Increasing of reported plastomes
in recent years, lots of SVs of plastomes have been widely
reported in angiosperms [10]. The plastome SVs mainly
focus on copy number variations (CNVs) resulting from
the expansion/contraction of IR regions [11-13]. For
example, large-scale IR expansions exceeding several kb
results in increased gene copy numbers through dupli-
cation events, including Tetracentron Oliv. and Trocho-
dendron Siebold & Zucc. (Trochodendraceae) [6] and
Annona L. (Annonaceae) [14]. Conversely, IR losses
have been observed in the boundaries of IR/SC regions
of Myosurus L. and Ceratocephala Moench (Ranuncu-
laceae) [15]. However, the evolutionary patterns of the
variations within LSC region and/or IR region remain
poorly understood.

In particular, SVs in the LSC region of plastomes have
been reported and attracted significant attention [16, 17].
Unprecedented SVs have been found in the LSC region
of plastomes in Poales, in which one-third of the families
have plastomes with inversions exceeding 1 kb in length
[17]. A 51 kb inversion spanning rbcL to rpsl6 in the LSC
region was reported in the Lotus japonicus (Regel) K.
Larsen (Fabaceae) plastome [18]. Similar inversions were
observed in the LSC region of Ranunculaceae plastomes,
including six inversions in Anemoneae [19] and a single
42 kb inversion in Adonis aestivalis L. [20]. Although
inversions in the LSC region lead to notable variations in
the structure, gene content, and length of plastomes, the
phylogenetic significance of SVs in the LSC region still
needs to be assessed.

Aquilegia L. (Ranunculaceae), commonly known as
the columbine genus, comprises ca. 80 perennial herba-
ceous species and is widely distributed in the Northern
Hemiphere [21, 22]. Because petals base usually pro-
long into a spur, flowers of Aquilegia are beautiful and
unique, making Aquilegia species excellent ornamental
plants for gardens. Some Aquilegia species are pharma-
ceutically important and have become traditional Chi-
nese medicines [23]. In addition, Aquilegia has been a
new model for studying plant development, ecology, and
evolution [24-27]. Among the genera with more than 15
species in Ranunculaceae, only Aquilegia lacks a infrage-
neric classification system [22]. This is may be because
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that Aquilegia experienced a recent and rapid radiation
[28]. Hodges & Arnold (1994) first used molecular data
(plastid atpB-rbcL and nuclear ITS) to investigate phy-
logenetic relationships within Aquilegia [29], where 14
species of this genus were sampled. In their phyloge-
netic tree, the monophyletic Aquilegia was recognized,
but intrageneric relationships were poorly resolved [29].
Based on plastid (¢trnK-matK and trnS-G) and nuclear
(ITS) sequences, Bastida et al. (2010) sampled 32 Aqui-
legia species and did not resolved inter-species rela-
tionships based on maximum parsimony analysis. By
sampling 62 recognized species and subspecific entities
of Aquilegia and 21 plastid DNA regions [30], Fior et al.
(2013) divided Aquilegia into six geographic groups, but
a few species did not belong to any group and the rela-
tionships within Europea group were not resolved at all
[31]. Recently, Zhang et al. (2021) built a well-supported
phylogenetic framework for this genus based on com-
plete plastome sequences, but only included 16 species
[32]. To reconstruct a robust phylogenetic framework for
Aquilegia, more species and plastome sequences of this
genus need to be included.

Importantly, Zhai et al. [16] identified an inversion
between accD and clpPl in Aquilegia and its allies (Semi-
aquilegia Makino and Urophysa Ulbr.), as compared to
other genera in Ranunculaceae. However, only two Aqui-
legia species (Aquilegia coerulea E. James and Aquilegia
ecalcarata Eastw.), as well as one species each of Semi-
aquilegia and Urophysa, were sampled by Zhai et al. [16].
It is unknown whether this inversion is of phylogenetic
significance and widespread in the plastomes of Aquile-
gia species, especially whether this SV is consistent or
variable in Aquilegia.

In this study, we sequenced complete plastomes of 75
Aquilegia species using the genome-skimming sequenc-
ing technique and performed the first comprehensively
phylogenetic analysis of Aquilegia based on plastome
data. Our aims were as follows: (1) to reconstruct a
robust phylogeny for Aquilegia; (2) to identify SVs of the
Aquilegia plastomes; (3) to investigate the evolutionary
patterns of SVs in Aquilegia plastomes; (4) to identify
hypervariable regions for efficient and accurate species
identification in this genus. The study will enhance the
understanding of the evolutionary patterns of plastome
SVs in angiosperms, and will facilitate exploration and
utilization of Aquilegia plants.

Results

Plastome feature

The complete plastomes of 75 Aquilegia species and five
species from Dichocarpum W.T. Wang & P.K. Hsiao,
Semiaquilegia, Thalictrum L., and Urophysa in Thal-
ictroideae were assembled and annotated (Table S1).
Including the plastome of Semiaquilegia danxiashanensis
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L. Wu, J.J. Zhou, Q. Zhang & W.S. Deng previously
reported, the plastomes of the 81 Thalictroideae spe-
cies that were sampled in this study have the sizes of the
plastomes from 153727 bp in Dichocarpum to 164138
bp in Urophysa (Table S2). All plastomes exhibited the
typical quadripartite structure (Fig. 1), which comprises
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a pair of IRs (25853—-27544 bp) separated by a LSC region
(83381-91683 bp) and an SSC region (16702-17598
bp). The plastome sizes of Aquilegia (159782-162480
bp), Semiaquilegia (160548-162227 bp) and Urophysa
(164138 bp) were larger than that of other Thalictroideae
genera (153727-156258 bp). The plastome synteny of the

b

333333338

Fig. 1 The four types of plastomes in Thalictroideae. a Type | has an inversion without short inverted repeat (sIR), the plastome of Aquilegia aradanica
Shaulo & Erst. b Type Il has an inversion with sIR1, the plastome of Aquilegia alpina L. ¢ Type Il has an inversion with sIR1 and sIR2, the plastome of Aquilegia
Jjonesii Parry. d Type IV does not have an inversion, the plastome of Dichocarpum dalzielii (J.R Drumm. & Hutch.) W.T. Wang & PK. Hsiao. The genes inside
and outside of the circle are transcribed in clockwise and counterclockwise directions, respectively. Genes belonging to different functional groups are
shown in different colors. The thick lines indicate the extent of inverted repeats (IR, and IRg) that separate the genomes into small single-copy (SSC) and
large single-copy (LSC) regions. The pink thick line indicates an inversion in the LSC region
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subfamily in terms of the gene arrangement is generally
high except for in the LSC region, which shows consid-
erable SVs (Fig. 1). Based on the structural differences in
the LSC region, four types (I-IV) of plastome structures
were recognized in Thalictroideae. The type I is present
in seven Aquilegia species, having an ca. 12807-12825 bp
inversion (INV1) between accD and clpP1 (Fig. 1a; Table
S2). The type II is present in 32 Aquilegia species, having
a pair of short repeated regions (sIRsl) at both the edges
of the 12662-12853 bp inversion, compared to type I
(Fig. 1b; Table S2). The type 11 is present in 36 Aquilegia
species and in Urophysa and Semiaquilegia, having lon-
ger sIRs (including sIRs1 and sIRs2) at both the edges of
the 12592-13121 bp inversion, compared to type II (Fig.
1c; Table S2). The plastome of S. danxiashanensis previ-
ously reported have a complete sIR1 and an incomplete
sIR2, we also identified it as type III although its sIR2 is
very short. The type IV is present in Dichocarpum and
Thalictrum, without the inversion and sIR regions (Fig.
1d; Table S2).

To investigate the contraction and expansion events of
plastomes of five genera in Thalictroideae, we compared
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the borders of the IR/SSC regions (Fig. 2a). For the IR,/
SSC region, ycfl spanned the junction region, while a
pseudogene fragment (yycfl) was located at IRy side of
the IRp/SSC region in all sampled five genera of Thalic-
troideae. In the SSC region, Dichocarpum lacks rpl32
gene, whereas other four genera have a pseudogene
(yrpl32). For the border of the IR/LSC regions, Aquile-
gia has six copies of trnI“Y in the two IR regions, while
other four genera have two copies of trnI“4Y. Along with
the IRs expansion in Dichocarpum and Thalictrum, the
boundary of the IRz/LSC moved from intergenic region
of rpl2/rpl23 to the coding region of rpsi9, leading to a
pseudogene fragment (yrps19) at the IR, region (Fig. 2a).

For the LSC region, two copies of clpP (clpP1 and
clpP2) and one copy of trnG°“ (trnG%2) were found
in Agquilegia, Urophysa, and Semiaquilegia. Notably,
both two copies of clpP are intronless, which are differ-
ent in one copy of clpP with two introns in Dichocarpum
and Thalictrum (Fig. 2b). Additionally, the c/pP1 gene of
Agquilegia and Urophysa contains an additional tandem
repeat region, consisting of 9 and 6 repeats of a 15 bp
special motif, respectively.

| | |
a LSC | IR, | SSC | IR,
IInversion| ! r——=- I I ————
g ! ) TR - N BN | leos!
Q ~ N 5} N (=l = [l I
12 417 § ¢ & o% R 8L%L B % g &R 0R
o £88 &5 & g £ 5 888 &ld (EEE SR SE ORI ESEN g
Aquilegia J.I....&: _il <\I. .oy ;"', | Ll | Ll 1
! |
159782-162480 bp § | |8 | s ! | oo | |
- N [ | = s 2 [
2% 3hl: Poie¥EeB 1R oMy Ty osm oiiog
£E88 €3 lg & § T eEesg® | E! OFB SE L) | § g
Urophysa L1lE BN - (\I. iy 1 : l i Ll | : | ; |
164138 bp S o I 1§ I i ! I ~ e I i |
QO =~ — N o] (=] | 2 [ = | ™ S | 2
03 357 YRGB 1T ouE g oz oiEog
.. 538 €382 § £ o g8 2 aIg 5, S8 55 81 S g
Semlaqwleglal.l.-..:L: _il L. my el : | Ll ! _— |
- © I | ()
160543-162227bp §  _ _— NS B S 12 e 3
T g 3 s g | =y 2N [N T 8 ¥ 3 L | Sy g
£ 2 &€ 8 g1 3 csgssl £, T £ 8 1§ 88s
Dichocarpum L B _W__ I T l gL S
153727 bp ] I I | by I oo | bl o
o ol I3 = ™S | [ | %
TS oz 8 %0y YL TOBIEEY sl o1 liget
) £ & =2 s & S ge g 88 51§ B S§E 8 | = I 8ES
Thalictrum L B8 . . Ll ] [N l 1 LI
156211-156258 bp ® Photosystem Il Ribosomal proteins (SSU) mTransfer RNAs m clpP

NADH dehydrogenase m Ribosomal proteins (LSU)

b

Il Special motif: GAGGAAGAGAAAAAA

Hypothetical chloroplast reading frames (ycf) m gccp

Aquilegia ClpP| mummErEEEEe s
Aquilegia ClPP2 m— — —————————— —
Urophysa ClpP1 mommmmm—

Urophysa ClpP2 B — . ——
Semiaquilegia clpP1

Semiaquilegia clpP2 m———— — S
Dichocarpum clpP m—————— m—— ] I
Thalictrum  clpP m——— —) — —

exon1 !

intron1 !

exon2 ' intron2 ! exon3

Fig. 2 Comparison of plastome structure in Thalictroideae. a The structure variations (SVs) of the large single-copy (LSC), inverted repeats (IRs), and small
single-copy (SSC) region boundaries in Thalictroideae. The break in the middle of the bars indicates that other regions and genes are omitted here. The
Y-symbol shows putative pseudogenes. b The SVs of the clpP gene in Thalictroideae
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Final, we identified 137 predicted functional genes
and three pseudogenes for the 75 plastomes of Aquile-
gia. These genes were summarized as 112 unique genes
including 78 protein-coding genes, 30 transfer RNA
(tRNA) genes, and four ribosomal RNA (rRNA) genes
(Table S3). One protein-coding gene (yc¢f3) contains
two introns, 15 genes contain a single intron, includ-
ing nine protein-coding genes (atpF, ndhA, ndhB, petB,
petD, rpl2, rpoCl, rps12, and rpsi16) and six tRNA genes
(trnAYCC trnGUCC, trnlCAY rp KUY g Y44 and tro-
VHAC) in Aquilegia (Table S3). No function genes were
found in the sIRs (including sIRs1 and sIRs2) across dif-
ferent species in Aquilegia. The majority of the protein-
coding genes (74/78) of Aquilegia contain standard AUG
as the initiator codon, three genes (ndhD, rps19, and ycfI)
contain GUG instead, and rp/2 has ACG.

Phylogenetic analyses

Phylogenetic relationships of Agquilegia were recon-
structed using maximum likelihood (ML) and Bayesian
inference (BI) analyses, which generated almost identi-
cal topologies based on the complete plastome sequences
(Fig. 3). The monophyletic Aquilegia was strongly sup-
ported [bootstrap support (BS) = 99%, posterior prob-
ability (PP) = 1.0], sister to Urophysa with weak support
(BS = 58%, PP = 0.99). Aquilegia includes two major
monophyletic groups (I and II) and eight well-supported
clades, each defined largely by geography. Clade I-1 con-
sists of one North American species, clade I-2 includes
four species from Asia (BS = 100%, PP = 1.0), and clade
I-3 comprises most North American species with one
nested Italian species (Aquilegia nugorensis Arrigoni & E.
Nardi) (BS = 100%, PP = 1.0). Clade II-1 consists of five
Asian species (BS = 99%, PP = 1.0), clade II-2 includes 15
Asian species with one nested European species (Aquile-
gia viscosa Gouan) (BS = 93%, PP = 1.0), clade II-3 com-
prises six European species (BS = 68%, PP = 1.0), clade
I1-4 comprises six European species (BS = 96%, PP =
1.0), and clade II-5 comprises 20 European species (BS
= 100%, PP = 1.0). The majority of interspecies relation-
ships in Aquilegia are well resolved (Fig. 3).

Seven plastid data subsets, including the CDS of 78
protein-coding genes, the 15 introns, the 117 intergenic
spacer (IGS) regions, a combination of 15 introns and
117 IGS regions, the LSC region, the SSC region, and the
IR region, were also used to perform phylogenetic anal-
yses using ML and BI method. Phylogenetic analyses of
seven plastid data subsets did not generate highly sup-
ported topological conflicts compared to the complete
plastome dataset, except for the position of clade I (Figs.
S$1-S7). The 117-1GS and combined IGS and intron sub-
sets recovered clade I-1 as basalmost in clade I with mod-
erate support (BS = 82%, PP = 1.0; BS = 83%, PP = 1.0),
the LSC subset recovered clade I-1 as sister to clade I-3
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(BS = 79%, PP = 1.0), whereas the SSC subset recovered
clade I-1 as sister to clade I-2 (BS = 98%, PP = 1.0).

Evolutionary inference of SVs in LSC region

To infer the evolutionary patterns of SVs of the LSC
region, we coded the four types for LSC structures in
Thalictroideae: type I with an inversion, type II with an
inversion and sIRs1, type III with an inversion, sIRs1, and
sIRs2, and type IV without an inversions and sIRs. By
comparing the equal-rates (ER), the symmetrical (SYM),
and all-rates-different (ARD) likelihood models, we iden-
tified ER as best-fit model for our data (Table S4).

Ancestral state reconstruction of the LSC structure
is shown in Fig. 4. The most recent common ancestor
(MRCA) of Aquilegia is type 11, i.e., a 12592-13121 bp
inversion neighbored with a pair of long sIRs including
sIRs1 and sIRs2 (up to 876 bp). Within clade II, the entire
sIR structure has lost once in clade II-2 (type III), and
the sIR2 structure has lost once for the MRCA of clades
1I-3, II-4, and II-5 (type II). Interestingly, sIR1 and sIR2
sequences varies greatly across Aquilegia, i.e., the length
of all sIRsl is 49 bp, while the lengths of the sIR2 range
from 14 to 876 bp (Fig. 4; Table S2).

To further investigate the sequence variation of the sIR
regions, we selected 21 representative species of Aquile-
gia, covering all eight clades, all types of structure and all
the mutations in the sIR regions (Fig. S8). Apart from the
large insertions or deletions that lead to different struc-
tures in the sIR region, there also exist 11 small sequence
variations in the variable sIR2 of Aquilegia (Fig. 5), imply-
ing the unusual rich polymorphism of this region.

Identification of hypervariable regions

To identify the potential hypervariable regions in
plastomes of Aquilegia, we calculated plastome nucleo-
tide diversity for this genus. Nucleotide polymorphism
analyses of the genes and intergenic regions consistently
show that IR regions are more conserved than LSC and
SSC regions (Fig. 6). For genes, nucleotide diversity
ranges from 0 (e.g., truHYC, trnQYUYC, and trnS°Y) to
0.07967 (infA) with an average of 0.00118, whereby ten
genes (i.e., infA, trnl“4U3, yrplle, trnS°4, ccsA, atpH,
yefl, trul“*4, psbH, and ndhE) have remarkably high val-
ues (11 >0.0017; Fig. 6a; Table S5). For the exons of genes,
nucleotide diversity ranges from 0 (e.g., truKY““(matK),
trnGYCC, and trnLl%4) to 0.07967 (infA) with an aver-
age of 0.00107. For the IGS regions, nucleotide diversity
ranges from 0 (e.g., rpoCI-rpoB, trnY U4—trnEYUC, and
psbD—psbC) to 0.03486 (rpl2—rpl23) with an average of
0.00223. Ten of IGS regions have considerably high val-
ues (1t >0.00706), including rpl2-rpl23, trul“44—trnG-
GCC3, ruNCUU —infA, trnTSU—psbD, truHCYC—yrplie,
rpl16-rps3, psbT—psbN, rpll4-rpll6, ccsA—ndhD, and
rps19—-rpl2 (Fig. 6b; Table S6). After removing the short
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Fig. 3 Phylogenetic relationship of Aquilegia obtained from maximum likelihood analysis of the complete plastome dataset. The color of line is referred to
the geographical distributions of Aquilegia species. Orange, blue and green color indicate North America, Asia and Europe, respectively. Numbers above

branches are bootstrap values (BS > 50 %) and posterior probabilities (PP > 0.50),

hypervariable regions (< 100 bp), nine non-coding
regions (rpl2—rpl23, trul“*—trnGECC3, trnNYU1—infA,
trnTU_psbD, truHYS—yrpll6, rpll6-rps3, psbT-
PSbN, rpl14-rpli6, and ccsA-ndhD) and one gene (infA)
of plastomes were identified as hypervariable regions in
Agquilegia. Phylogenetic analyses based on the ten hyper-
variable regions resolved the relationships among most
species of this genus, and the sequence divergences of
the combined ten hypervariable regions are >0 between
Aquilegia species (Fig. S9).

u_n

indicates the nodes not supported

Discussion

Phylogenetic relationships

All our phylogenetic analyses strongly supported Aqui-
legia as monophyletic (Figs. 3 and S1-S7), in agreement
with previous studies (e.g., Bastida et al. [30]; Fior et al.
[31]; Ro & McPheron [33]). Aquilegia has undergone a
recent and rapid radiation [28, 29, 34], the interspecies
relationships remain ambiguous using a wide variety of
molecular data [29-31]. Based on the complete plastome
data, we discover that Aquilegia contains two major
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monophyletic groups and eight clades, largely consistent
with their geographical distributions (Fig. 3). We pro-
vide a well-resolved phylogenetic framework for Aquile-
gia with a more extensive sampling than in any previous
study, which is a foundation for the future taxonomic
revision for this genus.

The phylogenetic analyses of Aquilegia were also con-
ducted based on seven plastid subsets. Compared to
other subsets as well as complete plastome dataset, the
78-CDS, 15-intron, and SSC subsets have a relatively
weak resolution for the relationships within Aquilegia
(Figs S1-2, S7). Overall, the phylogeny generated by the
complete plastome dataset received higher support than

those inferred from seven subsets, suggesting that the
complete plastome sequences can resolve well phyloge-
netic relationships of taxa with recent and rapid radia-
tion, such as Aquilegia. The similar cases are also found
for Rubus L. (Rosaceae) [35] and Saussurea DC. (Astera-
ceae) [36].

Plastome feature

The contraction and expansion in IRs are considered
important evolution events, which can change plastome
sizes and gene contents [37-39]. Our results show that
Aquilegia, Urophysa, and Semiaquilegia have one copy
for each of rpl2 and rps19 in the LSC regions, while
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Dichocarpum and Thalictrum have two copies for each of
rpl2 and rps19 in the IRs (Fig. 2a). These CN'Vs may result
from the contraction of IR regions in Aquilegia, Uro-
physa, and Semiaquilegia. It is usual that CNVs caused
by the expansion/contraction of IR regions. For example,
one-copy loss of rpl2 and rpl23 was found in the IR/LSC
region of Myosurus (Ranunculaceae) [15] and one-copy
loss of rbcL was identified in the IR/LSC regions of Pelar-
gonium transvaalense R. Knuth (Geraniaceae) [11].

The length of IR regions of Aquilegia (25853—-26834
bp) is similar to that of Urophysa (27544 bp), Semi-
aquilegia (26640-26829 bp), Dichocarpum (26448 bp),
and Thalictrum (26480-26481 bp; Table S2). Especially,
we found Aquilegia had six copies of trnIY in the IR
regions near the borders of IR ,/LSC, while the other four
genera in Thalictroideae only have two copies (Fig. 2a).
The CNVs of trnI“4Y are resulted from the small direct
repeats of plastomes, instead of expansion/contraction
of IR regions. These SVs might have occurred along with
the expansion/contraction of IR regions because they
are located near the borders of IR/LSC. The small direct
repeats of plastomes in IR regions lead to an increase
in the length of IRs in Aquilegia. Thus, the contraction
of IRs in Aquilegia do not result in its IR regions being
shorter.

In fact, the size of plastomes in Aquilegia (159782—
162480 bp), as well as Urophysa (164138 bp) and Semi-
aquilegia (160548—162227 bp), is bigger than that in
Dichocarpum (153727 bp) and Thalictrum (156211-
156258 bp), as they have longer LSC regions (Table S2;
Fig. 2). We found that Aquilegia, Urophysa, and Semi-
aquilegia have 12592-13121 bp inversions in LSC
regions, whereas Dichocarpum and Thalictrum have
12148-12743bp homology region. Additionally, Aquile-
gia, Semiaquilegia, and Urophysa have two copies of sIR
near the inversion, while Dichocarpum and Thalictrum
have one copy of homology region. Aquilegia, Semi-
aquilegia, and Urophysa have one copy of trnG®“C and
two copies of clpP gene separately in the LSC regions
near the inversion, while Dichocarpum and Thalictrum
have one copy of clpP gene. These CNVs of genes in LSC
regions occur along with sIR as it is located near the bor-
ders of inversion in Aquilegia, leading to the increase in
the length of the LSC in Aquilegia, Semiaquilegia, and
Urophysa.

For the CNV of clpP gene, the intronless clpP gene
in Aquilegia, Semiaquilegia, and Urophysa have been
duplicated in the LSC region, while Thalictrum and
Dichocarpum with have only one copy of clpP with two
introns (Fig. 2b). Zhai et al. [16] inferred that the loss of
the second intron likely occurred before the divergence
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of Aquilegia, Semiaquilegia, and Urophysa, followed by
the loss of the first intron before the gene was duplicated.
Additionally, our results indicate that the c/pP1 gene con-
tained approximately nine and six tandem repeats of a
special motif in Aquilegia and Urophysa, while the other
copy are without (Fig. 2b), suggested that CNV play an
important role in evolution of plastomes in Aquilegia.

In total, Aquilegia plastomes have CN'Vs of genes at the
boundaries of IR/SC regions and sIR regions. The small
direct repeats in plastomes of Aquilegia inhibit contrac-
tion and shorten of IRs. The length of Aquilegia, Semi-
aquilegia, and Urophysa plastome is bigger than that in
Dichocarpum and Thalictrum, influenced on the inver-
sion event occurring in the LSC region.

Structure evolution of Aquilegia plastomes

All plastomes in Aquilegia, Semiaquilegia, and Uro-
physa contain an inversion in the LSC region between
accD—clpP1 (Fig. 2a). Inversion in the LSC region of the
plastome has also been found in other taxa. For exam-
ple, Adonis sutchuenensis Franch. in Ranunculaceae has

an inversion between rpsl6 and trnTY¢Y [16]. Plastome
inversion has also been reported in the LSC region of
Lotus japonicus between rbcL—rps16 [18], and multiple
inversions have been found in the plastomes of Poales
(17, 40].

Here, we found three types of LSC structures in Aqui-
legia plastomes, which were likely generated by a inver-
sion event of and exhibited phylogenetic signals. The
ancestral structure of Aquilegia is type III, having a pair
of longer sIRs (including sIRs1 and sIRs2) at the edge of
the inversion in Aquilegia (Fig. 4). The sIRs are shortened
and lost at the edge of the inversion in Type II and Type
L, respectively (Fig. 1c), showing 11 small variations in the
plastomes of Aquilegia (Fig. 5). As the inversion could
be probably induced by the neighbored sIR region, the
large or small variations in the sIR regions (Figs. 1 and
4) could contribute to the fixation of this inversion in
the plastomes of the Aquilegia. Extensive repeats in the
plastomes were found to be positively correlated with the
observed inversions and rearrangements in Poales [17].
We further found that the inversions in LSC regions were
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induced by repeats and possibly fixed by lose of repeats
in Aquilegia.

Inversions in the LSC regions also lead to notable varia-
tions in gene content and length of plastomes. Aquilegia,
Semiaquilegia, and Urophysa had one extra copy of trnG-
GCC and two copies of intronless clpP gene in the LSC
regions near the inversion, while Thalictrum and Dicho-
carpum had only one copy of clpP gene with two introns
in similar region. Additionally, although Aquilegia, Semi-
aquilegia, and Urophysa have longer LSC regions owing
to the inversions, their total plastid lengths are thus
longer than those of Dichocarpum and Thalictrum (Fig.
2a). Thus, the inversions may contribute to the increased
copy number of genes in near the inversions and have a
strong impact on the length of plastome.

In all, the LSC structure with both the inversion and
the longer sIR was estimated as the ancestral state, which
have evolved independently into other structures with
loss of different sIR regions. The plastid SVs have phy-
logenetic signals in Aquilegia. The loss of distinct sIR
regions led to notable variations in the structure, gene
content, and length of the plastomes.

Hypervariable regions in plastomes of Aquilegia

Highly polymorphic regions in plastomes are widely
utilized as molecular markers for phylogenetic recon-
struction [41-43] and species identification [44—46].
Phylogenetic analyses of Aquilegia based on nuclear ITS
sequences and one plastid region (atpB-rbcL; Table S6)
[29] and ITS and two plastid regions (truK-matK, trnS—
G; Table S6) [30] have failed to effectively distinguish
infrageneric relationships due to low nucleotide variabil-
ity among different species. More plastid fragments, such
as rpl32—trnLY4C, truKYU_rpsi6, psbM—trnDCYC, psal-
accD, ndhj-trnF, rpsl 6—trnQUUG, trnDCUC T,
trnTSU_psbD, trnC°““—rpoB, trnC““—ycf6, atpH-
atpl, psbE-petL, ycf6—psbM, trnSY—trnGUYC, ndhC-
trnVHAC, trnSYCA_trnG9CC, psbB—psbH, rpsd—trnFS44,
rps12—rpl20, matK and intron of ndhA, have also been
applied to analyze intrageneric relationships of Aquilegia
and result in highly supported phylogenetic trees (Table
S5-S6) [31]. Additionally, candidate molecular markers
of truT““_psbD and psbT-psbN were identified based
on 62 species of the genus by Fior et al. [31]. Therefore,
additional data source beyond the commonly used mark-
ers are needed for phylogenetic analysis.

In the present study, the whole genome and non-cod-
ing regions manifested higher sequence divergence than
protein-coding genes of Aquilegia plastomes (Figs. 3 and
S1-4), which was consistent with most higher plants [47,
48]. After removing the short hypervariable regions (<
100 bp), nine non-coding regions (rpl2-rpl23, trnl“44—
trnGCC3, trnNY1—infA, trnTY—psbD, trnHYC-
yrpll6, rpll6-rps3, psbT-psbN, rplld—rpll6, and
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ccsA—ndhD) and one gene (infA) of plastomes were iden-
tified as hypervariable regions. Based on the ten identi-
fied hypervariable regions, the sisters of most Aquilegia
species can be recognized and all sequence divergences
between Agquilegia species are >0 (Fig. S9), suggesting
that the ten regions can serve as potential molecular
markers for Aquilegia and have implications for molec-
ular taxonomy, phylogeography, and genetic diversity
assessment of this genus.

Conclusions

In this study, we present a well-supported phylogenetic
framework for Aquilegia based on plastome data. We
found the CNVs of genes are observed frequently for the
contraction of IR and sIR regions, such as rpl2, rpsl9,
trnGYC, trnI“4Y, and clpP, indicating its important role
to the plastome evolution of Aquilegia. In particular, we
found a common inversion in plastomes of Aquilegia and
its allies. The inversion was divided into three distinct
structure types (I-1II) in the LSC region, each charac-
terized by different short inverted repeat (sIR) regions.
The type III with both the inversion and the longer sIR
was inferred as the ancestral structure, which evolved
into other structures with loss of different sIR regions.
The inversions and sIR have phylogenetic signal and
lead to notable variations in gene content and length of
plastomes. We also identified potential molecular mark-
ers for species identification of this genus. This study pro-
vides new insights into the structural evolution pattern
of plastome for one of the most diversified plant taxa in
angiosperms.

Materials and methods

Sample sequencing, data assembly and annotation

We sampled 75 species of Aquilegia. Based on Ling et
al. [49], we selected six species of Dichocarpum, Semi-
aquilegia, Thalictrum and Urophysa in Thalictroideae
as outgroups. Supplementary Table S1 documents the
geographic origins and depository herbaria for all newly
acquired samples. Their formal identification was under-
taken by Wei Wang and Andrey S. Erst. No specific per-
missions or licenses were required for our collections and
experiments. Total genomic DNA was extracted from
about 1.5 g of silica geldried leaves of living plants or her-
barium specimens using a modified cetyltrimethylammo-
nium bromide (CTAB) method [50] and purified using
the Tiangen Isolation/Extraction/Purification Kit (Tian-
gen Biotech (Beijing) Co., Ltd.). Short insert of 300—500
bp libraries were prepared for sequencing on the Illu-
mina HiSeq X-Ten platform. Approximately 10 GB of
raw sequencing data was generated for each sample. To
obtain high-quality genome sequences, raw reads were
processed using Fastp v0.19.7 [51] to remove adapter
sequences and low-quality reads.
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The complete plastomes were assembled from the
genome-skimming sequencing data using GetOrganelle
v1.7.6.1 [52] with the default parameters. The obtained
plastid contigs were further visualized and scaffolded to
complete circular genomes in Bandege v0.8.1 [53]. Highly
accurate annotation of organelle genomes was performed
by using the Organellar Genome GeSeq tool [54], with
subsequent manual correction in Geneious v9.0.2 [55].
Four plastomes from Aquilegia barnebyi Munz (GenBank
accession No. NC_053820), Aquilegia kansuensis (Briihl)
Erst (NC_058528), Aquilegia rockii Munz (NC_046738),
and Aquilegia yangii Y. Luo & L. Li (NC_058529) were
used as reference sequences. The circular plastomes were
visualized by using OGDRAW v1.3.1 [56], with subse-
quent manual editing.

Plastome variation analysis

To assess the expansion/contraction of the IR regions, we
compared the boundaries between the IR/SC and their
adjacent genes for the whole plastomes of five genera in
Thalictroideae by IRscope [57], and then used the results
to further manually modify the annotations.

Phylogenetic analyses

For the purpose of reconstructing the phylogenetic rela-
tionships, multiple sequence alignments of 81 complete
plastomes were implemented using MAFFT v7 [58]
with standard parameters, and further adjusted manu-
ally in Geneious v8.0.4 [55]. Phylogenetic analyses of
Aquilegia were performed using ML and BI methods
in RAXML v8.2.11 [59] and MrBayes 3.2.7 [60], respec-
tively. The nucleotide substitution model was determined
by the Akaike Information Criterion (AIC) via jModelt-
est 2.1.4 [61]. RAXML was conducted with the GTR + T
substitution model, and the fast bootstrap option with
1,000 replicates. For BI analyses, two independent runs,
each consisting of four Markov Chain Monte Carlo
(MCMC) chains, were conducted with one tree sampled
for every 1000 generations over 50 million generations.
We assessed the convergence of the parameters of the
two individual runs in Tracer 1.7.2 [62]. A majority rule
(>50%) consensus tree was generated after discarding the
first 25% of sampled trees as burn-in. Because molecular
evolutionary rates of the different regions in plastome are
diverse, analyses of phylogenetic relationships also were
performed based on seven plastid subsets, including con-
catenation of 78 protein-coding genes, concatenation of
15 introns, concatenation of 117 IGS regions, concatena-
tion of 15 introns and 117 IGS regions, a LSC region, an
SSC region, and an IR region. Following the suggestion
by Wang et al. (2014) [63], the thresholds BS > 70% and
PP > 0.95 were used as an indication of significant incon-
gruence between eight datasets.
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Ancestral structural variation reconstruction

We coded the different types of LSC structures as char-
acter states. We applied the fit-Discrete function in the
R package ‘geiger’ to decide which likelilhood models
(ER, SYM, or ARD) should be used. Simulated stochas-
tic character maps were obtained using the make.simmap
function in the R package ‘phytools’ under the optimal
likelihood model [64, 65].

In addition, we randomly selected 21 species cover-
ing all clades and all types of LSC region SVs in these
clades for comparative genomic analyses. The sequences
of inversion and the sIRs in LSC region were further
extracted in Bandege v0.8.1 [53] for three SV types in
Aquilegia. To found the conserved synteny, we per-
formed sequence alignment using MAFFT v7 [57], and
adjusted manually in Geneious v9.0.2 [55].

Identifying hypervariable regions

To identifying hypervariable regions, the sequence align-
ment of Aquilegia plastomes without outgroups was sub-
jected to a sliding window analysis in DNAsp v6.12.03
[66]. We evaluated the nucleotide diversity (Pi) of all
genes, genes without introns, and IGS regions. To eval-
uate the effectiveness of the ten hypervariable regions
identified in our study, we performed phylogenetic analy-
ses for the 75 sampled species of Aquilegia using ML and
BI methods, with Urophysa rockii Ulbr. and Semiaquile-
gia adoxoides (DC.) Makino as outgroups.

Abbreviations

IR Inverted repeat

LSC Large single-copy

SSC Small single-copy

SC single-copy

SV Structure variation

PAV Presence/absence variation
CNV Copy number variation

ca. Circa

ITS Internal transcribed spacer
sIR Short repeated region

tRNA Transfer RNA

rRNA Ribosomal RNA

ML Maximum likelihood

Bl Bayesian inference

BS Bootstrap support

PP Posterior probability

IGS Intergenic spacer

ER Equal-rates likelihood model
SYM Symmetrical likelihood model

ARD All-rates-different likelihood model
Most recent common ancestor
Cetyltrimethylammonium bromide
AlC Akaike Information Criterion
Markov Chain Monte Carlo
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