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Abstract

Chloroplast genomes are valuable for inferring evolutionary relationships. We report the
complete chloroplast genomes of 36 Corydalis spp. and one Fumaria species. We com-
pared these genomes with 22 other taxa and investigated the genome structure, gene con-
tent, and evolutionary dynamics of the chloroplast genomes of 58 species, explored the
structure, size, repeat sequences, and divergent hotspots of these genomes, conducted
phylogenetic analysis, and identified nine types of chloroplast genome structures among
Corydalis spp. The ndh gene family suffered inversion and rearrangement or was lost or
pseudogenized throughout the chloroplast genomes of various Corydalis species. Analysis
of five protein-coding genes revealed simple sequence repeats and repetitive sequences
that can be potential molecular markers for species identification. Phylogenetic analysis
revealed three subgenera in Corydalis. Subgenera Cremnocapnos and Sophorocapnos
represented the Type 2 and 3 genome structures, respectively. Subgenus Corydalis
included all types except type 3, suggesting that chloroplast genome structural diversity
increased during its differentiation. Despite the explosive diversification of this subgenus,
most endemic species collected from the Korean Peninsula shared only one type of genome
structure, suggesting recent divergence. These findings will greatly improve our understand-
ing of the chloroplast genome of Corydalis and may help develop effective molecular
markers.

1. Introduction

Chloroplasts are organelles responsible for photosynthesis and oxygen release and are essential
for plant survival. In addition, chloroplasts also play an important role in taxonomic and evo-
lutionary studies on plants [1, 2]. The chloroplast genome is known to be more conserved than
the nuclear or mitochondrial genomes in terms of genetic structure, gene content, and the
nucleotide sequence [3-5]. Because of its highly conserved and non-recombinant nature, the
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chloroplast genome is a very useful genetic resource for inferring evolutionary relationships at
various taxonomic levels [6]. The typical chloroplast genome of angiosperms is a circular mol-
ecule of double-stranded DNA (length, 120-170 kb) that encodes up to 101-118 genes, includ-
ing 66-82 protein-coding genes, 29-32 tRNA genes, and 4 rRNA genes [7]. The chloroplast
genome is a quadrangular structure composed of a small single-copy region (SSC) and a large
single-copy (LSC) region linked by a pair of inverted repeats (IRa and IRb) [8]. Recent techno-
logical developments have made it simpler and cheaper to analyze the complete chloroplast
genome, and the chloroplast genomes of several species have been reported to date.

Major genomic structural changes—such as gene loss, large inversions, and contraction or
expansion of the IR region—are frequently reported in the plastid genomes of certain plant lin-
eages. For example, certain conifers [9, 10] and some Fabaceae plants [11] have lost one IR
region. Some Pinaceae species have been shown to possess smaller IRs with a size of less than 1
kb [12, 13], and some Ericaceae species exhibit a greatly reduced SSC region [14-17] due to IR
extension. In Lamprocapnos spectabilis (L.) Fukuhara, the IR region is extended to the LSC
and SSC regions, and these boundary shifts are accompanied by five inversion regions [18].
Reversals in the chloroplast genome not only allow us to understand its evolutionary patterns
[19, 20] but also provide markers for identifying subgenera [21]. Recent phylogenomic studies
in Ranunculaceae suggest that the chloroplast genome exhibits distinct evolutionary patterns
depending on the phylogenetic lineage [20, 22]. Xu and Wang [23] reported unusual large-
scale rearrangements in four newly reported chloroplast genomes of Corydalis (Papaveraceae;
encompassing three subgenera) and found evidence of IR expansion, SSC contraction, and
relocation. Structural variations are important regulators of key characteristics representative
of a specific group [21, 23] or species [24]. Therefore, inferring structural variations in the
chloroplast genomes of various species and their related genera (for example, Corydalis) is an
interesting research topic, and the results may provide unexpected insights into their evolu-
tionary lineage.

The genus Corydalis DC. (Papaveraceae: Fumarioideae) comprises approximately 465 taxa
with worldwide distribution [25, 26]. This genus is clearly distinguished from other genera by
its characteristic features, which include symmetrical flowers, distinct structures of the stamens
and petals, and the persistence of the style after fruit maturation [27]. The genus is naturally
distributed in the Northern Hemisphere, and is mainly found in temperate regions. However,
Corydalis is especially prevalent in China and Tibet—regions that may have undergone inten-
sive and rapid species differentiation due to extreme geographical changes and geological
upheaval in the past [23, 28-30]. A recent study estimated the differentiation period of this
genus to be 44 Mya (the Paleogene) based on molecular phylogenetic analyses of the matK
gene, trnlL intron, trnL-F intergenic spacer region, trnG intron, rps16 intron, 26S gene, and
internal transcribed spacer (ITS) region. The Himalayan region has been estimated to be the
center of this range expansion [29, 31]. A total of 35 species of Corydalis have been reported in
South Korea (National Standard Plant List of the Korea National Arboretum, http://www.
nature.go.kr/kpni/SubIndex.do, accessed on July 13, 2022). Moreover, 14 species are endemic
to the Korean Peninsula, including some recently described species [32-34]. Although the
genomes of endemic species are known to be important genetic resources, the sequences of
Corydalis spp. found in the Korean Peninsula have not been analyzed to date.

Genus Corydalis is one of the most taxonomically complex plant taxa, and the species
included within it are very difficult to discriminate [35]. The first molecular phylogenetic
study of this genus was conducted by Lidén et al. [36], who analyzed the rps16 locus and mor-
phological characteristics of plants in this genus. Based on their results, the researchers divided
genus Corydalis into three subgenera: Chremnocapnos, Sophorocapnos, and Corydalis. Follow-
ing this, Wang [37] analyzed two chloroplast regions (matK and rps16) and used palynology to
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divide genus Corydalis into five subgenera: Chremnocapnos, Sophorocapnos, Corydalis, Rapi-
ferae, and Fasciculatae. In a recent study, Ren et al. [35] analyzed two nuclear ITS (ITS1, ITS2)
and one region of chloroplast DNA (matK) and reported that their results supported the classi-
fication suggested by Lidén et al. [36]. To avoid confusion, this study follows the classification
system suggested by Lidén et al. [36].

The chloroplast genomes of 12 Corydalis spp. have been published to date, with most being
published in China, where this genus is mainly distributed [16, 23, 38-41]. In this study, we
compared the chloroplast genome sequences of Corydalis spp. to infer their structural varia-
tions and phylogenetic relationships. Fumaria officinalis L. (Papaveraceae: Fumarioideae) is a
phylogenetically close relative of Corydalis [42]. Although this species is reportedly native to
Europe [43], it is found worldwide due to its high dispersal ability. Fumaria officinalis has been
observed on Jeju Island, located in the south of Korea, and it is designated as an invasive spe-
cies at present (http://www.nature.go.kr/ and https://kias.nie.re.kr/, Accessed on July 13,
2022). To date, only Corydalis spp. and Lamprocapnos spp. have been analyzed in the subfam-
ily Fumarioideae [16, 18, 23, 38-41, 44]. Therefore, to explore the diverse genetic structures of
Corydalis and its close relatives, we included F. officinalis in our analysis.

This study had the following objectives. First, we reported the complete chloroplast
genomes of 24 Corydalis spp., including 9 species endemic to Korea, 11 species collected from
the Korean Peninsula, and 2 species collected from Kyrgyzstan. Second, we reported the com-
plete chloroplast genome of Fumaria (a close relative of Corydalis), which has not been
reported to date. Third, we constructed the chloroplast genomes of 11 Corydalis spp. for com-
parative genome analysis using the Short Reads Archive (SRA) database of the National Center
for Biotechnology Information (NCBI). Finally, we analyzed the evolutionary patterns of the
chloroplast genome of Corydalis by comparatively analyzing the completed chloroplast
genomes of different species.

2. Materials and methods

2.1. Plant sampling and sequencing

We collected 25 Corydalis spp., including 22 species distributed in Korea and 2 species from
Kyrgyzstan. One F. officinalis collected from Jeju Island in the Korean Peninsula was also
included in our analysis. Voucher specimens have been deposited in the Herbarium of the
Korea National Arboretum (KH; S1 Table). No permit was required to take the samples that
were not on the list of national key protected plants. Total genomic DNA was extracted using
the DNeasy Plant Mini Kit (Qiagen Inc., Valencia, CA, USA) according to the manufacturer’s
instructions. The concentration and quality of the extracted DNA were determined with a
NanoDrop 2000 system (Thermo Fisher Inc., Waltham, MA, USA) and electrophoresis us-ing
a 1% agarose gel. Illumina paired-end libraries were constructed and sequenced on the MiSeq
platform (Macrogen Inc., Seoul, Korea). In addition, the raw sequence data of 11 species were
downloaded from the NCBI SRA database and used for analysis (S2 Table).

2.2. Chloroplast genome assembly and annotation

The chloroplast genome sequence was assembled into the scaffold using GetOrganelle v1.7.6.1
[45]. The genome sequence was completed with Geneious Prime®™ 2022.1.1 [46] and anno-
tated using GeSeq [47]. The chloroplast genomes were compared, verified, and modified with
Geneious Prime™2022.1.1. Transfer RNA (tRNA) sequences were annotated with the tRNAs-
can-SE software [48]. The boundaries of genes, introns, and coding regions were identified
through comparisons with reference sequences. Finally, we mapped the circular chloroplast
genome using OrganellarGenomeDRAW (OGDRAW) [49].
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2.3. Structural analysis, analysis of relative synonymous codon usage, and
repeat analysis

The genome structure of the analyzed chloroplasts (total genome length; length of the LSC,
SSC, and IR; guanine-cytosine (GC) content; number of genes) was calculated using Geneious
Prime™2022.1.1. Codon usage bias was analyzed using MEGA X [50]. SSRs (mononucleotides,
dinucleotides, trinucleotides, tetranucleotides, pentanucleotides, and hexanucleotides; set to
10, 5, 4, 3, 3, and 3, respectively) and long repeat sequences (forward, palindromic, reverse,
and complement repeats; set to a minimum repeat size of 30 bp and Hamming Distance 3)
were identified using the online MISA tool [51] and REPuter [52], respectively.

2.4. Comparison of whole genomes

The whole genome alignments of taxa representing each type of chloroplast genome were
compared with the mVISTA program in Shuffle-LAGAN mode and LAGAN mode with
Euptelea pleiosperma Hook. f. & Thomson as a reference. In addition, the whole genome align-
ment of each taxon representing each type of chloroplast genome was compared using the
mVISTA program in LAGAN mode [53].

2.5. Identification of the hotspots of divergence

DNA polymorphism was analyzed using DNA Sequence Polymorphism (DnaSP) v6 [54] to
calculate the nucleotide diversity (Pi) of genes and to identify highly variable genes. Chloro-
plast genome sequences were aligned using MAFFT implemented in Geneious Prime™
2022.1.1.

2.6. Phylogenetic analyses

Phylogenetic analyses were performed using 58 taxa, including 36 newly identified species of
Papaveraceae in this study, 21 other species of Papaveraceae, and E. pleiosperma (Eupteleaceae;
used as an outgroup) (S3 Table). Phylogenetic analysis was performed using 77 protein-coding
genes (CDSs). The phylogenetic trees of complete chloroplast genomes were constructed using
the maximum likelihood (ML) and Bayesian inference (BI) methods.

The ModelFinder software [55] was used to detect the most suitable model for molecular
phylogenetic analysis with ML (corrected Akaike’s information criterion) and BI (Bayesian
information criterion). The ML-based phylogenetic analysis was performed in Phylosuite
using IQ-TREE [56, 57] under the TVM+F+R5 model for 50,000 ultrafast bootstraps [58]. The
BI-based phylogeny was inferred using MrBayes 3.2.6 [57, 59] under the GTR+F+I+G4 model
(2 parallel runs; 2,000,000 generations), in which the initial 25% of sampled data were dis-
carded as burn-in.

3. Results
3.1. General features of Papaveraceae

All 58 chloroplast genomes—including 57 species of Papaveraceae and one species of Euptelea-
ceae as the outgroup—had a circular quadripartite structure with two IRs, one LSC, and one
SSC. However, a total of nine types of structures were identified overall (Fig 1). The chloroplast
genomes varied in size from 149,919 bp (C. mucronifera) to 200,923 bp (C. chrysosphaera), the
LSC from 82,391 bp (C. edulis) to 98,393 bp (C. fangshanensis), the SSC from 72 bp (C. inter-
media) to 25,869 bp (C. ledebouriana), and the IR from 22,777 bp (C. pauciovulata) to 54,930
bp (C. chrysosphaera). The average GC content of the chloroplast genome was 40.2%, and the
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Fig 1. Nine types of chloroplast genomes mapped in Papaveraceae species. Genes shown outside the circle are transcribed in the counter-clockwise
direction, whereas those inside the circle are transcribed in the clockwise direction. The colored bars indicate genes belonging to different functional groups.

The darker gray region inside the inner circle denotes GC content, whereas the lighter gray region corresponds to the AT content of the genome. The y
signifies pseudogenes.

https://doi.org/10.1371/journal.pone.0289625.9001

total GC content ranged from 38.6% (E. pleiosperma and Macleaya cordata) to 41.5% (C. tri-
secta and C. pauciovulata). The GC content of the LSC ranged from 37% (Macleaya cordata)
t0 39.9% (C. ternate and C. inopinata), the IR from 40.1% (L. spectabilis) to 46.5% (C. paucio-
vulata), and the SSC from 15.6% (C. namdoensis) to 39.6% (C. pauciovulata; Table 1).
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Table 1. Characteristics of the chloroplast genomes of 57 species of Papaveraceae and one species of Eupteleaceae (outgroup).

Scientific name Accession Total length GC (%) LSC GC (%) IRs GC (%) SSC GC (%)
Corydalis humilis ESK21-178 186,583 40.2 89,521 39.2 48,433 41.3 196 18.4
C. lineariloba ESK21-296 186,724 40.2 89,663 39.2 47,830 41.3 1,401 35.1
C. maculata ESK21-209 185,060 40.2 89,275 39.1 47,751 41.3 283 19.1
C. grandicalyx ESK21-300 189,792 40.3 91,225 39.4 49,132 41.2 303 21.1
C. hallaisanensis ESK21-125 186,162 40.2 89,553 39.2 48,185 41.3 239 17.6
C. remota ESK21-050 186,899 40.2 89,702 39.2 48,490 41.3 217 18.9
C. alata ESK21-020 190,434 40.2 89,854 39.2 50,156 41.3 268 16
C. misandra ESK21-176 186,851 40.2 89,637 39.1 48,441 41.2 332 15.7
C. namdoensis ESK21-018 184,889 40.2 87,743 39.2 48,419 41.2 308 15.6
C. bonghwaensis ESK22-006 188,863 40.2 89,397 39.1 49,573 41.3 320 17.8
C. cornupetala ESK21-064 184,406 40.3 89,979 39.2 47,099 41.4 229 15.7
C. filistipes CF1 189,459 40.4 92,730 39.5 48,279 41.4 171 21.1
C. turtschaninovii ESK21-189 195,713 40.4 89,940 39.1 52,755 41.4 263 19
C. wandoensis 2022_9 188,610 40.1 91,781 39.2 48,283 41.1 263 19
C. yanhusuo SRR15001456 187,922 40.1 89,400 39.2 49,152 41 218 21.6
C. intermedia ERR5554493 184,999 40.3 88,483 39.1 48,222 41.4 72 36.1
C. solida ERR5555065 185,904 40.2 89,397 39 48,138 41.3 231 31.2
C. ternata ESK22-077 187,819 41.1 95,294 - 38,840 43.4 14,845 36.9
C. hsiaowutaishanensis MT920561 188,784 40.8 88,558 39.4 44,070 42.8 12,086 37
C. ledebouriana KG_20180407_021 167,523 40.9 84,466 39.2 28,594 44 - 39.3
C. mucronifera SRR16375367 149,919 40.6 84,097 38.8 23,082 45.2 19,658 37.3
C. hendersonii var. altocristata SRR16668413 155,672 40.6 90,620 39 22,955 45.2 19,142 37.2
C. boweri SRR16685835 151,691 40.6 84,095 38.8 24,252 45 19,092 37.2
C. impatiens SRR16668463 175,380 40.8 89,674 39.5 42,515 42.3 676 33.7
C. conspersa MN843953 187,810 40.8 92,280 39.6 47,375 42.1 780 33.1
C. hendersonii SRR16668040 171,892 40.7 89,153 39.3 41,229 42.2 281 28.5
C. inopinata MT755641 181,335 40.9 o177 | 12053 422 1,502 344
C. trisecta MN654110 164,354 - 91,046 39.8 28,345 45.1 16,618 38.2
C. pauciovulata 2022_11 159,167 89,178 39.4 2777 R 2 R
C. raddeana 2022_12 182,287 41.3 90,800 39.5 45,618 43.2 251 31.1
C. lupinoides SRR14352120 178,650 40.8 85,220 39.2 46,377 42.3 676 339
C. davidii MT920560 165,416 40.7 85,352 39.1 39,867 42.4 330 24.8
C. chrysosphaera MZ983401 40.7 90,710 39.1 42 353 29.5
C. capnoides SRR16761252 199,294 40.5 89,691 39.1 54,625 41.8 353 29.5
C. incisa ESK22-044 195,665 40.3 89,655 39.1 52,875 41.4 260 25.8
C. temulifolia MT920558 194,096 40.2 95,239 39.1 49,258 41.3 341 31.7
C. shensiana MW110634 155,935 40.6 82,752 38.9 26,344 44.7 20,495 36.8
C. bungeana ESK22-075 183,672 40.6 86,029 39.3 48,665 41.7 313 30.4
C. edulis MW110633 154,395 40.2 82,391 38.6 26,253 44.4 19,498 35.8
C. fangshanensis MZ440305 192,554 40.3 - 39.2 42,263 42.1 9,635 35.2
C. tomentella MT077878 190,196 40.2 96,531 39 42,000 42.2 9,665 35.4
C. saxicola MT920562 188,060 40.2 94,289 39 41,969 42.2 9,833 35.2
C. heterocarpa 2022_8 194,615 40.3 97,204 39.2 43,450 42.2 10,511 34.9
C. platycarpa ESK21-230 194,199 40.4 97,077 39.3 43,340 42.2 10,442 35
C. speciosa 2022_7 193,108 40.5 97,022 39.4 42,784 42.4 10,518 35
C. heracleifolia SRR15672852 190,029 40.6 90,328 38.8 43,920 43.2 11,861 34.9
C. semenowii KY-14-2 168,780 40.3 90,621 38.9 29,031 43.6 20,097 37.1
(Continued)
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Table 1. (Continued)

Scientific name Accession Total length GC (%) LSC GC (%) IRs GC (%) SSC GC (%)
C. adunca MT920559 196,118 41 92,145 39.8 47,221 42.8 9,531 34.7
Fumaria officinalis K004871 190,247 40.2 86,672 39 48,853 41.7 5,869 33.8
Lamprocapnos spectabilis MG873498 188,754 39.2 84,341 38.2 51,384 40.1 1,645 35
Papaver nudicaule MW151698 153,903 38.9 83,676 37.3 25,680 43.2 18,867 33.9
Stylophorum lasiocarpum MW232434 153,196 38.9 83,230 37.4 25,789 43.2 18,388 34
Meconopsis integrifolia MK533647 151,860 38.8 82,809 37.4 25,649 43 17,753 33.3
Chelidonium majus MK433200 159,741 38.7 87,697 37.2 26,735 43.1 18,574 33.3
Coreanomecon hylomeconoides KT274030 158,824 38.7 86,914 37.3 26,686 43.2 18,538 32.8
Macleaya cordata MT178411 163,179 38.6 87,933 37 28,329 42.8 18,588 33.1
Eschscholzia californica MK281585 160,201 38.7 88,147 37.2 26,781 43.1 18,492 33.1
Euptelea pleiosperma KU204900 161,834 38.6 90,449 37.1 26,037 43.3 19,311 33.3
AVERAGE 182,552 40.2 89,496 38.9 40,847 42.5 7,953 30.2

GC, guanine-cytosine; LSC, large single-copy; IRs, inverted regions; SSC, small single-copy region; red highlights, maximum value; yellow highlights, minimum value.

https://doi.org/10.1371/journal.pone.0289625.t001

In addition, the chloroplast genomes showed very diverse gene compositions. The number
of CDSs ranged from 64 (C. trisecta) to 79 (Meconopsis integrifolia, Chelidonium majus, Corea-
nomecon hylomeconoides, Macleaya cordata, Eschscholzia californica, and E. pleiosperma), and
the number of tRNA genes ranged from 28 (C. ternata and C. trisecta) to 34 (C. temulifolia and
C. tomentella). However, all genomes contained exactly four rRNAs. The total number of
genes ranged from 96 (C. trisecta) to 115 (C. temulifolia), and the number of pseudogenes was
9 in most cases (C. inopinata and C. trisecta). In the LSC region, C. trisecta had the least num-
ber of genes (55), whereas Papaver nudicaule, Stylophorum lasiocarpum, Meconopsis integrifo-
lia, Chelidonium majus, Coreanomecon hylomeconoides, Eschscholzia californica, and E.
pleiosperma had the most (61). The number of tRNA genes was the lowest (20) in C. trisecta
and L. spectabilis and was the highest (26) in C. temulifolia and C. tomentella. In the SSC
region, the number of genes ranged from 0 to 12 (C. shensiana, Meconopsis integrifolia, Cheli-
donium majus, Coreanomecon hylomeconoides, Macleaya cordata, Eschscholzia californica, and
E. pleiosperma). There were no (or only one) tRNA genes, and five pseudogenes were the most
common. In IRs, the number of genes ranged from 4 (C. mucronifera, C. hendersonii var. alto-
cristata, C. boweri, C. trisecta, C. pauciovulata) to 18 (L. spectabilis). The number of tRNAs ran-
ged from 6 (C. trisecta) to 12 (L. spectabilis; Table 2). A total of 17 genes contained one intron,
and the pafI gene contained two introns. The remaining nine CDSs (atpF, ndhA, ndhB, petB,
petD, rpl16, rpl2, rpoCl, and rps16) and six tRNA genes (trnA-UGC, trnG-GCC, trnl-GAU,
trnK-UUU, trnL-UAA, and trnV-UAC) contained one intron. The rps12 gene was confirmed
to be a trans-spliced gene consisting of three exons: exon 1 in the LSC region, and exons 2 and
3 in the IR regions. However, the introns of rpl16 and rps16 were deleted in C. ternata (S1 Fig).
Furthermore, the accD gene was lost in Corydalis, Fumaria, and Lamprocapnos.

3.2. Types, structures, and evolutionary patterns of chloroplast genomes in
the Papaveraceae

A total of 58 chloroplast genomes—including 36 newly assembled chloroplast genomes—were
compared. We identified nine types of rearrangement events in the chloroplast genome struc-
tures of Corydalis spp. (excluding the L. spectabilis type; Fig 2). The nine types of complete
chloroplast genomes are described in detail below.
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Table 2. Genes identified in the chloroplast genomes of 57 species of Papaveraceae and one species of Eupteleaceae (outgroup).

Scientific name Total genes Total LSC SSC IRs

CDS | tRNA | rRNA | v | CDS | tRNA | v | CDS | tRNA | v | CDS | tRNA | rRNA | vy

Corydalis humilis 112 78 30 4 1 22 1 0 0 0 17 8 4 0

C. lineariloba 112 78 30 4 1 22 1 0 0 0 17 8 4 0

C. maculata 112 78 30 4 1 22 1 0 0 0 17 8 4 0

C. grandicalyx 112 78 30 4 1 22 1 0 0 0 17 8 4 0

C. hallaisanensis 112 78 30 4 1 22 1 0 0 0 17 8 4 0

C. remota 112 78 30 4 1 22 1 0 0 0 17 8 4 0

C. alata 112 78 30 4 1 22 1 0 0 0 17 8 4 0

C. misandra 112 78 30 4 1 22 1 0 0 0 17 8 4 0

C. namdoensis 112 78 30 4 1 22 1 0 0 0 17 8 4 0

C. bonghwaensis 112 78 30 4 1 22 1 0 0 0 17 8 4 0

C. cornupetala 112 78 30 4 1 22 1 0 0 0 17 8 4 0

C. filistipes 112 78 30 4 1 22 1 0 0 0 17 8 4 0

C. turtschaninovii 112 78 30 4 1 22 1 0 0 0 17 8 4 0

C. wandoensis 112 78 30 4 1 22 1 0 0 0 17 8 4 0

C. yanhusuo 112 78 30 4 1 22 1 0 0 0 17 8 4 0

C. intermedia 112 78 30 4 1 22 1 0 0 0 17 8 4 0

C. solida 112 78 30 4 1 22 1 0 0 0 17 8 4 0

C. ternata 110 78 28 4 2 20 2 6 0 0 11 8 4 0

C. hsiaowutaishanensis 112 78 30 4 1 22 1 4 0 0 13 8 4 0

C. ledebouriana 105 71 30 4 3 22 1 8 2 5 7 4 0

C. mucronifera 102 68 30 4 6 58 22 1 6 7 4 0

C. hendersonii var. altocristata 101 67 30 4 7 57 22 2 6 7 4 0

C. boweri 103 69 30 4 5 58 22 1 7 4 7 4 0

C. impatiens 104 70 30 4 7 58 22 - 0 0 0 12 8 4 3

C. conspersa 102 68 30 4 4 58 22 1 0 0 0 10 8 4 3

C. hendersonii 103 69 30 4 3 58 22 1 0 0 0 11 8 4 2
C. inopinata 101 68 29 4 . 58 21 - 1 0 1 9 8 4 -

C. trisecta 96 64 28 4 55 21 3 5 4 6 4 2

C. pauciovulata 101 68 29 4 7 58 21 | 3| 6 3 7 4 1
C. raddeana 101 68 29 4 8 58 21 - 0 0 0 10 8 4 i

C. lupinoides 101 68 4 3 57 21 1 0 0 0 11 8 4 2

C. davidii 101 67 4 3 58 22 1 0 0 0 9 8 4 2

C. chrysosphaera 112 78 4 1 1 0 0 0 17 8 4 0

C. capnoides 112 78 4 1 1 0 0 0 17 8 4 0

C. incisa 110 77 4 3 2 0 0 0 16 8 4 1

C. temulifolia | BB 4 1 1 0 0 0 17 8 4 0

C. shensiana 110 77 4 3 2 _ 0 5 7 4 1

C. bungeana 104 71 4 3 59 21 1 0 0 0 12 8 4 2

C. edulis 108 75 4 2 59 21 1 11 H 0 5 7 4 1

C. fangshanensis 111 77 4 3 60 2 3 0 1 14 8 4 0

C. tomentella 115 77 4 2 60 1 4 0 1 13 8 4 0

C. saxicola 111 77 4 3 60 22 2 4 0 1 13 8 4 0

C. heterocarpa 112 78 30 4 2 22 1 4 0 1 13 8 4 0

C. platycarpa 112 78 30 4 2 22 1 4 0 1 13 8 4 0

C. speciosa 111 77 30 4 2 60 22 2 4 0 0 13 8 4 0

C. heracleifolia 111 77 30 4 3 60 21 3 5 0 0 12 9 4 0
(Continued)
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Table 2. (Continued)

Scientific name Total genes Total LSC SSC IRs
CDS | tRNA | rRNA |y | CDS  tRNA |y | CDS | tRNA | y | CDS | tRNA | rRNA | vy
C. semenowii 112 78 30 4 2 22 2 11 0 6 7 4 0
C. adunca 106 72 30 4 5 59 22 2 2 1 11 8 4 2
Fumaria officinalis 113 78 31 4 1 60 22 1 1 0 0 17 9 4 0
Lamprocapnos spectabilis 115 - 32 4 1 60 20 1 0 ‘_I 0
Papaver nudicaule 113 78 31 4 0 23 0 0 6 7 4 0
Stylophorum lasiocarpum 112 78 30 4 1 22 | 0 1 6 7 4 0
Meconopsis integrifolia 113 30 4 0 2 | 0| 0 6 7 4 0
Chelidonium majus 113 30 4 0 2 | 0| 0 6 7 4 0
Coreanomecon hylomeconoides 113 30 4 0 2 | 0| 0 6 7 4 0
Macleaya cordata 113 30 4 0 58 22 | 0 | 0 9 7 4 0
Eschscholzia californica 113 30 4 0 22 | 0| 0 6 7 4 0
Euptelea pleiosperma 113 30 4 0 22 | 0 | 0 6 7 4 0
Average 109 | 75 | 30 4 30060 | 2 1 4 | 0 1| 12 8 4 1

CDS, protein coding genes; y, Pseudogene; LSC, large single-copy; IRs, inverted regions; SSC, small single-copy region; red highlights, maximum value; yellow

highlights, minimum values.

https://doi.org/10.1371/journal.pone.0289625.t002

3.2.1. The complete chloroplast genome structure of Fumaria officinalis. Compared
with E. pleiosperm (outgroup), a 42,378 bp region of the genome (ranging from trnT-UGU to
trnQ-UUG) was found to be reversed in the LSC of F. officinalis. In addition, an IR reversed a
previously reported 13,938 bp region (ranging from trnR-ACG to ndhB) in Corydalis spp. Spe-
cifically, the region from rps16 to trnT-UGU moved between ndhF and rpl32 and was incorpo-
rated into the IR region through IR extension. Three trnT-UGU genes were identified (S2 Fig).

3.2.2. The complete chloroplast genome structure of Type 1 in Corydalis. Type 1 had
been previously reported in a study on two Corydalis spp. (C. edulis and C. shensiana) [16].
The genome of Type 1 plants showed a typical quaternary structure known in angiosperms.
The accD gene was lost in Type 1, and the ycfI gene was pseudogenized in C. edulis (S3 Fig).

3.2.3. The complete chloroplast genome structure of Type 2 in Corydalis. Type 2 of
Corydalis was identified in C. adunca, C. semenowii, C. heracleifolia, and C. trisecta. As seen in
F. officinalis, the region from trnR-ACG to ndhB was reversed in the IR region. Moreover, the
ndhF gene was incorporated into the IR region (extended to ndhG in C. heracleifolia; extended
to part of the ndhA in C. adunca). Unlike in other Corydalis species, the accD gene was not lost
and remained as a pseudogene in C. semenowii and C. heracleifolia. The ndhA, ndhC, ndhD,
ndhF, and ndhH genes were pseudogenized in C. adunca, and ndhl was completely lost. As in
F. officinalis, the rps16 gene moved between ndhF and rpl32. The matK gene was identified as a
pseudogene only in C. trisecta (S4 Fig) [39].

3.2.4. The complete chloroplast genome structure of Type 3 in Corydalis. Type 3 of
Corydalis was identified in C. speciosa, C. platycarpa, C. heterocarpa, C. tomentella, C. saxicola,
and C. fangshanensis. Compared with Type 2, Type 3 showed an inversion in the region from
rbcL to trnV-UAC, and it shifted between atpH and atpl. In all species belonging to Type 3, the
IR was extended to a part of the exon 2 of ndhA (S5 Fig). In three species (C. speciosa, C. platy-
carpa, and C. heterocarpa), the position of the rpl23 gene had shifted from between rpl2 and
ycf2 to between ndhF and rpl32.

3.2.5. The complete chloroplast genome structure Type 4 in Corydalis. Type 4 of Coryd-
alis was identified in C. boweri, C. mucronifera, C. hendersonii var. altocristata, C. ledebouriana,
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and C. hsiaowutaishanensis. Compared with Type 3, the region from rbcL to trnV-UAC shifted
from between atpH and atpl to between matK and rps16 in Type 4. The IR extended to ndhF in
general, but extended to a part of the ndhl gene in C. hsiaowutaishanensis. The regions contain-
ing ndhJ, ndhK, and ndhC had been deleted in all species except C. hsiaowutaishanensis. In addi-
tion, the pseudogenes of the ndh genes differed between species (S6 Fig).

3.2.6. The complete chloroplast genome structure Type 4’ in Corydalis. Type 4’ of
Corydalis was identified in only one species (C. ternata). Compared with Type 4, Type 4
genomes showed three major differences. First, a 14,406 bp region (including atpI and petN)
was inverted. Second, a 20,057 bp region (including trnfM-CAU and ndhC) was also inverted.
Finally, the introns of the rps16 and rpl16 genes were lost. The IR extended to a portion of the
ndhE gene (S7 Fig).

3.2.7. The complete chloroplast genome structure Type 5 in Corydalis. Type 5 of
Corydalis was identified in only one species (C. pauciovulata). Compared with Type 4, Type 5
showed one big difference in that a 12,852 bp region between ndhA and ycfI in the SSC region
was inverted. Among the ndh genes, ndhA, ndhC, ndhF, ndhl, and ndhK were lost; ndhB,
ndhD, ndhE, ndhG, and ndh] were identified as pseudogenes; and only the ndhH gene was
present (S8 Fig).
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3.2.8. The complete chloroplast genome structure Type 6 in Corydalis. Type 6 of
Corydalis was identified in C. davidii, C. lupinoides, C. raddeana, C. inopinata, C. hendersonii,
and C. conspersa. Type 6 showed an extended IR compared with Type 5, and the SSC region
was shortened from 251 bp to 1,502 bp. There were no specific or consistent patterns of loss or
pseudogenization of ndh genes among species (S9 Fig).

3.2.9. The complete chloroplast genome structure Type 7 in Corydalis. Type 7 of
Corydalis was identified in 23 Corydalis spp.: C. bungeana, C. temulifolia, C. incisa, C. chryso-
sphaera, C. capnoides, C. impatiens, C. solida, C. intermedia, C. yanhusuo, C. wandoensis, C.
turtschaninovii, C. filistipes, C. cornupetala, C. bonghwaensis, C. namdoensis, C. misandra, C.
alata, C. remota, C. hallaisanensis, C. grandicalyx, C. maculate, C. ohii, and C. humilis. Thus,
most of the analyzed Corydalis species had this Type of structure. Type 7 showed an extended
IR compared with Type 4. The SSC region of Type 7 was shorter than those of all other types,
lengths ranging from 72 bp to 1,401 bp, and contained no genes (S10 Fig).

3.3. Relative synonymous codon usage

The relative synonymous codon usage (RSCU) was calculated from the complete chloroplast
genome sequences of 48 Corydalis spp. using all CDSs. The number of codons ranged from
13,529 (C. trisecta) to 22,425 (C. ternata; S4 Table). The most abundant amino acid was leucine
(Leu; 10.62%), and the least abundant was cysteine (Cys; 1.09%). The most used codon was
AAA [39,017; encodes lysine (Lys)], and the least used codon was UGC [2,924; encodes cyste-
ine (Cys)]. RSCU frequency analysis revealed a bias in codon usage. Overall, 30 amino acids
had an RSCU > 1, and two amino acids—methionine (AUG) and tryptophan (UGG)—
showed no codon usage bias (RSCU = 1.00). The highest RSCU value was recorded for AGA
[1.69; encodes arginine (Arg)], and the lowest values (0.4) were recorded for CGC and AGC
[encode arginine (Arg) and serine (Ser), respectively] (Fig 3).

3.4. Simple sequence repeats (SSRs) and long repeat sequences

A total of 3,255 SSRs were identified in the chloroplast genomes of 48 Corydalis spp. and one
Fumaria species (S5 and S6 Tables). The number of SSRs ranged from 34 (C. edulis) to 94 (C.
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Fig 3. Relative synonymous codon usage (RSCU) analysis of 20 amino acids in all coding sequences of the complete chloroplast genome of 48 Corydalis

species.

https://doi.org/10.1371/journal.pone.0289625.9003
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raddeana), and the average was 66.4 (S5 Table). Among the six types of SSRs (mono- to hexa-
nucleotide), mononucleotide SSRs were the most common (1,695), accounting for 52.1% of all
SSRs. Tetranucleotide and dinucleotide SSRs comprised 16.7% and 15% of all SSRs, respec-
tively (Fig 4). Pentanucleotide SSRs were the least common (60; 1.8%). A/T repeats were the
most common among mononucleotide SSRs (95.7%), AT/ TA among dinucleotide SSRs
(74%), ATC/TAG among trinucleotide SSRs (51.9%), AGAT /ATCT among tetranucleotide
SSRs (29.2%), AAAAG/CTTTT and AATAG/ATTCT among pentanucleotide SSRs (20%), and
AGCGAT/ATCGCT among hexanucleotide SSRs (35.6%; S6 Table).

We also examined long and complex repeat sequences that play an important role in deter-
mining the genome structure [60]. A total of 2,401 long repeat sequences were identified from
the 49 chloroplast genomes (including 48 Corydalis spp. and one Fumaria; S7 Table). Reverse
or complementary repeats were not found in any of the chloroplast genomes, and all repeats
were determined to be forward and palindromic repeats. The number of forward repeats was
the lowest (21) in C. bungeana and C. wandoensis and was the highest in C. fangshanensis (44).
The number of palindromic repeats was the lowest in C. fangshanensis (5) and was the highest
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https://doi.org/10.1371/journal.pone.0289625.9g005

(28) in C. bungeana and C. wandoensis (Fig 5A and S7 Table). The size of long and complex
repeats ranged from 100 bp to 199 bp. Repeats with a length of > 1,000 bp were identified in 9
of 49 species and were the most common in C. adunca (6; Fig 5B).

3.5. Comparison of the chloroplast genomes

Using the annotated E. pleiosperma chloroplast genome as a reference, we compared our gen-
erated sequences with those of taxa representing the nine types of chloroplast genomes. The
LAGAN method (Fig 6A) revealed that the LSC of Fumaria officinalis had large unsortable
regions from rps16 to trnT-UGU. Type 4’ of Corydalis contained a large region where two
regions—from atplI to petN and from trnfM-CAU to ndhC—could not be aligned. In types 3-7
of Corydalis, alignment was not possible because of inversions and translocations in and
between trnV-UAC and rbcL. Apart from Type 1 of Corydalis, all other types contained una-
lignable regions in the IR region from ndhB to trnR-ACG. In types 5 and 6 of Corydalis, align-
ment from ndhl to ycfl was not possible due to gene inversions. Conversely, all sequences
were well-aligned using the Shuffle-LAGAN method (Fig 6B). Because there were many rear-
ranged regions for each type of chloroplast genome, at least 14 newly aligned regions were
identified in this study. Genes were generally more conserved than non-coding regions; in par-
ticular, the rRNA and tRNA regions of the IR region were found to be more conserved. How-
ever, we also found some ndh genes and some highly variable regions (such as trnV-UAC).
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https://doi.org/10.1371/journal.pone.0289625.g006
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3.6. Identification of divergence hotspots

To understand DNA polymorphisms (Pi), we calculated the nucleotide variability of 112 CDSs
among the chloroplast genomes of 48 Corydalis species (Fig 7). These hotspot regions can be
developed as molecular markers that could be useful for phylogenetic analysis. In addition,
these regions can be used to develop DNA barcodes that can facilitate species identification in
Corydalis. The Pi values in the coding domain ranged from 0 to 0.24837 (cIpP1), with an aver-
age value of 0.027084. Overall, cIpPI showed the highest Pi value (0.24837); its intron showed a
Pivalue of 0.09274 (data not shown), which was 2.68 times higher than that of the intergenic
spacer.

3.7. Phylogenetic analyses

We used sequences from 58 species—57 species of Papaveraceae (including 36 newly assem-
bled chloroplast genomes) and one species of Eupteleaceae as an outgroup—to infer ML-based
and Bl-based phylogenies. Both phylogenies (ML and BI) had the same topology and showed
high support for each branch. Within Papaveraceae, two subfamilies—Papaveroideae and
Eschscholzioideae—branched first, whereas the third subfamily (Fumarioideae) formed a
monophyletic clade. Within Corydalis, the three subgenera (Cremnocapnos, Sophorocapnos,
and Corydalis) were strongly supported as monophyletic groups. Subgenus Cremnocapnos
diverged first, followed by subgenus Sophorocapnos, followed by two branches within subgenus
Corydalis (Fig 8).

4. Discussion
4.1. The complete chloroplast genome of Fumaria officinalis

In this study, we generated the first complete chloroplast genome of Fumaria officinalis (Papa-
veraceae: Fumarioideae). To date, only two genera—Corydalis and Lamprocapnos—have been
identified within Fumarioideae. Thus, we have newly added the genus Fumaria to this subfam-
ily. The length of the chloroplast genome, LSC, SSC, and IR was 190,247 bp, 86,672 bp, 5,869
bp, and 48,853 bp, respectively; the GC content was 40.2%. The size of the genome expanded
with the expansion of Irs. The gene contents included 78 CDSs, 31 tRNAs, and 4 rRNAs, and
the accD gene was lost. Most of the complete chloroplast genomes in subfamily Fumarioideae
showed signatures of rearrangement, especially L. spectabilis, which experienced at least six IR
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https://doi.org/10.1371/journal.pone.0289625.9008

boundary shifts and five inversions [18]. As shown here, F. officinalis underwent two inversion
processes and one relocation. The trnT-UGU gene is usually located between rps4 and
trnL-UAA [61]. However, in F. officinalis, this gene was rearranged along with the rpsI6 gene.
Therefore, we speculate that following the reversal in the LSC region, the gene was rearranged
into the space between ndhF and rpl32. This structure has also been confirmed in C. adunca
[23]. The SSR found in this study had higher A/T content and lower G/C content. In particu-
lar, the identified mononucleotide repeat showed an A/T content of 92.9%. Thus, the SSR
identified here can be utilized as a molecular marker for population genetic studies in Fumaria
spp- A total of 49 long repeat sequences were identified, and this number is identical to that
reported for other species in subfamily Fumarioideae. Most repeats were in the 100-199 bp
range, with the largest repeat being 487 bp in length. This may be further evidence of rear-
rangements in the chloroplast genome of F. officinalis. Thus, the analysis of SSR markers in
these species has helped identify potential molecular markers for species-level identification in
genus Fumaria.

4.2. The complete chloroplast genomes of Corydalis

In this study, we report 36 new complete chloroplast genomes in Papaveraceae, including
those of 25 species of Corydalis, which we sequenced, and 11 genomes that we assembled using
sequences downloaded from the SRA database. Various structures have been reported to exist
in the chloroplast genome of Papaveraceae [18, 23, 62], and our results confirmed the existence
of more structures.

The average size of the chloroplast genome in subfamily Fumarioideae was 182,552 bp. The
genomes contained an average of 75 CDSs, 30 tRNA genes, and 4 rRNA genes. In general, the
accD gene was pseudogenized (C. heracleifolia and C. semenowii; Type 2) or lost in Papavera-
ceae. The accD gene encodes an acetyl-CoA carboxylase subunit. It regulates carbon flow into
the fatty acid biosynthetic pathway [63] and is essential for leaf development in angiosperms
[64]. This gene was known to be lost in the order Poales [65] and in the families Acoraceae
[66], Rafflesiaceae [67], Geraniaceae [68], Fabaceae [69], Campanulaceae [63], and Oleaceae
[28], and our results confirm that it has also been lost in family Papaveraceae.
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The NAD(P)H-dehydrogenase-like (NDH) complex is located on the thylakoid membrane
of the chloroplast and plays an important role in mediating cyclic electron transport around
photosystem I and promoting chloro-respiration [70]. The pseudogenization and/or loss of
ndh], ndhK, and ndhC may have been associated with adjacent rearrangement events in the
LSC region [23]. This pseudogenization was clearly confirmed by the results of our study. In
particular, the pseudogenization of three genes were clearly detected in types 4, 5, and 6 of
Corydalis, where the rbcL-trnV-UAC region of the LSC was rearranged. Moreover, pseudo-
genization was also confirmed in two species of Type 2 and two species of Type 7 Corydalis. In
the ndhK gene of Type 3 Corydalis (three species), pseudogenization occurred due to the inser-
tion of a 9 bp sequence (TCCTTTTTT). The ndh genes present in the IR and SSC regions were
also lost with the pseudogene due to inversion and IR extension. In this study, we newly identi-
fied other pseudogenes of the ndh family. Part of the intron and exon 2 of the ndhB gene were
lost due to the reversal event. This phenomenon was found in all species of types 5 and 6, and
complete deletion was confirmed in some species (C. lupinoides and C. davidii, Type 6; and C.
bungeana, Type 7). In ndhA, pseudogenization occurred in most species of Type 4, and com-
plete deletion of this gene was confirmed in types 5 and 6 (accompanied by reversal events in
the region from ndhG to ycf1). In addition, we found that some ndh genes (such as ndhD and
ndhH) may have been lost randomly regardless of genome rearrangement (Fig 9). The loss and
pseudogenization of ndh genes are known to occur frequently in heterotrophic plants, but
have also been consistently identified in gymnosperms, such as conifers [10, 13] and Gnetales
[71], and angiosperms such as Circaeasteraceae [72] and Orchidaceae [70]. Further studies are
needed to assess whether the ndh genes in Corydalis spp. Were translocated to the nucleus or
whether their loss represents a complete loss of the NDH complex.
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Highly polymorphic and co-dominant loci such as SSRs have been used as molecular mark-
ers for population genetic studies and phylogenetic investigations [73]. In addition, repetitive
sequences are also considered an important factor affecting gene replication, expansion, and
genomic rearrangement [74]. A total of 34-94 SSRs and 49 long repetitive sequences were
identified in this study. The identified SSRs had a high A/T content, and most (95.7%) mono-
nucleotide repeats consisted of A/T bases. Thus, the SSRs reported here can be used as poten-
tial molecular markers for future studies on Corydalis species. In addition, large variations in
long repeats in closely related species can reflect some degree of evolutionary flexibility [28,
75]. The long repeats identified in this study were longer than those reported in other angio-
sperms. Long repeats are typically < 100 bp in length; however, of the repeats found in Coryda-
lis and Fumaria, 1,373 (57.2%) were 100-199 bp in length and 22 (0.9%) were > 1,000 bp in
length. Repeat-mediated genome instability often provides hotspots of genome rearrangement
and evolutionary innovation [76, 77]. Recent studies have proposed hypotheses related to
repeat-mediated structural variation in the chloroplast sequence of Asarum [24]. The various
types of Corydalis identified in this study may also have emerged due to increased instability
caused by repeat sequences.

Polymorphic regions can provide a wealth of valuable information for the development of
DNA barcodes, and have been used as molecular markers in numerous phylogenetic studies.
Here, we identified five regions with high variability in the chloroplast genome of Corydalis.
The clpP1 gene had the highest diversity (Pi = 0.24837), followed by rps18 (Pi = 0.10709), rps16
(Pi = 0.09449), rpl22 (Pi = 0.08193), ycfl (Pi = 0.07243), and rps11 (Pi = 0.07184). The diversity
of the clpP1 gene was 2.68 times higher than that of its intron (Pi = 0.09274); this may be
because the exon region was lost and only the intron region was retained. Intron 2 was deleted
in C. trisecta, and part of intron 1 was deleted in C. edulis. These results suggest that some taxa
in subfamily Fumarioideae (along with Lamprocapnos and Fumaria) lost the exon of clpP1,
similar to the loss of the accD gene. Further research is needed in this regard.
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The consensus trees obtained using ML and BI methods were perfectly matched; however,
the BI-based phylogeny had a higher resolution. Corydalis spp. Formed a clade with strong
support based on the CDSs of the chloroplast genome (BS, PP = 100%, 1.00 each). A single
lineage of Corydalis was similarly deduced from previous studies [23]. Within Corydalis, sub-
genus Cremnocapnos was the most divergent, and all taxa within this subgenus shared the
structure of the Type 2 genome. Within Cremnocapnos, C. abunca diverged first, with C. seme-
nowii and C. heracleifloria forming a sister group (BS, PP = 92%, 1.00 each). Subgenus Sophor-
ocapnos diverged next (BS, PP = 100%, 1.00 each) and formed two major clades: C. speciose
and the C. platycarpa-C. heteocarpa group (BS, PP = 100%, 1.00 each); and the C. tomentella-
C. speciose and C. fangshanensis—C. edulis groups (BS, PP = 100%, 1.00 each). The clade con-
taining C. speciose shared a common feature in that the position of the rpl23 gene was shifted
between ndhF and rpl32. This subgenus shared the structure of the Type 3 genome, with the
exception of C. edulis (Type 1). Subgenus Corydalis was largely divided into two clades (BS,
PP = 100%, 1.00 each), which can be morphologically divided into tubers (A) and roots (B).
The B clade was further divided into two groups, including the clade with the most diverse
genome structure. It was divided into one group with the Type 7 genome (except C. shensiana;
Type 1) and one group comprising genome structure types 4, 5, and 6 (Type 2 for C. trisecta
and Type 7 for C. impatiens). In the clade with tubers, C. ledebouriana and C. hsiaowutaisha-
nensis (both Type 4) branched first, followed by C. specios (Type 4°) and species with Type 7
genome structure. Most of the species endemic to Korea were located in this group.

Consistent with previous studies, our results indicated that the genus Corydalis is divided
into three subgenera [23, 36]. However, because our sampling efforts were centered on the
taxa distributed in South Korea, it was not possible to distinguish the sequences at the level of
the tribe (a taxonomic level within the subgenus). A comprehensive study involving more taxa
is needed for tribe-level phylogenetic analysis. Nevertheless, the high-resolution chloroplast
genome sequences provided in our study may provide a promising resource for further eluci-
dating the phylogeny and evolution of Papaveraceae (including genus Corydalis).

4.3. Evolution of the chloroplast structure of Corydalis through
rearrangement of the chloroplast genome

The genome types reported were compared to identify rearrangement events in the chloroplast
genome of Corydalis spp. Based on our findings, we propose a plastome rearrangement model
for Corydalis that accounts for IR boundary shifts, inversions, and relocations (Fig 2). We also
present a schematic diagram showing the events that likely occurred for each genome type
(Fig 10). Type 1 was the ancestral Corydalis chloroplast genome and showed a chloroplast
genome structure typical of angiosperms [61, 78]. In Type 2, an inversion event occurred in
the region from trnR-ACG to ndhB in the IR region, accompanied by a slight expansion (S11
Fig). In Type 3, inversion and migration events occurred in the region from rbcL to trnV-UAC
in the LSC region (S12 Fig). In Type 4, a movement event occurred once again in the LSC
region from rbcL to trnV-UAC. Our findings suggest that the Type 4 structure diverged into
three other types. In Type 4’, two reversal events occurred in the LSC region (atpl to petN and
trnfM-CAU to ndhC; S13 Fig); in Type 5, the region from ycfI to ndhA was reversed in the SSC
region (514 Fig); in Type 7, the IR region was extended to ycfI, and the SSC region became
extremely short (S15 Fig). Type 6 was derived from Type 5 such that the IR region extended to
nahH, resulting in an extremely short SSC region. To date, the reversal of the ycfI-ndhA
region was thought to be caused by the sequential expansion of the Irb and Ira [23]. However,
the Type 5 chloroplast genome of Corydalis identified in our study suggests that the reversal in
the SSC region occurred first and was followed by the expansion of the Irb.
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5. Conclusions

Elucidating and interpreting the evolutionary history of the chloroplast genome can help iden-
tify various structural variations in plant species such as Corydalis spp. The structural features
previously identified in some chloroplast genomes were meticulously subdivided based on our
findings. Although the structural features of chloroplasts are major phylogenetic features in
some subgenera, those in subgenus Corydalis do not appear to follow a phylogenetic trend.
However, further research on the chloroplast genomes of unexplored taxa can reveal new
structural variations. Our analysis of the structural properties in the chloroplast genome was
effective for inferring the phylogeny of genus Corydalis. However, further studies into the
nuclear genome are still needed. We showed that IR extension and gene rearrangement play
important roles in the evolution of the Corydalis chloroplast genome. We also found that sub-
genus Corydalis—which is endemic to the Korean Peninsula—was highly differentiated, but
shared one type of chloroplast structure. This suggested that the various species may have dif-
ferentiated very recently. More extensive sampling and studies focused on target species will
provide important insights into the structural evolution of the chloroplast genome in
Papaveraceae.

Supporting information

S1 Fig. Intron loss in the rpl16 and rps16 genes in Corydalis ternate. Alignments are shown
for the A. rpl16 and B. rps16 genes across various Corydalis spp.
(TIF)

S2 Fig. Map of the chloroplast genome of Fumaria officinalis. Genes shown outside the cir-
cle are transcribed in the counter counter-clockwise direction, and those inside the circle are

transcribed in the clockwise direction. The colored bars indicate genes belonging to different
functional groups. The inner circles denote the GC content (dark grey) and AT content (light
grey) of the genome. The v signifies pseudogenes.

(TIF)

S3 Fig. Type 1 of the chloroplast genome of Corydalis species. Genes shown outside the cir-
cle are transcribed in the counter counter-clockwise direction, and those inside the circle are
transcribed in the clockwise direction. The colored bars indicate genes belonging to different
functional groups. The inner circles denote the GC content (dark grey) and AT content (light
grey) of the genome. The v signifies pseudogenes.

(TIF)

S4 Fig. Type 2 of the chloroplast genome of Corydalis species. Genes shown outside the cir-
cle are transcribed in the counter counter-clockwise direction, and those inside the circle are
transcribed in the clockwise direction. The colored bars indicate genes belonging to different
functional groups. The inner circles denote the GC content (dark grey) and AT content (light
grey) of the genome. The v signifies pseudogenes.

(TIF)

S5 Fig. Type 3 of the chloroplast genome of Corydalis species. Genes shown outside the cir-
cle are transcribed in the counter counter-clockwise direction, and those inside the circle are
transcribed in the clockwise direction. The colored bars indicate genes belonging to different
functional groups. The inner circles denote the GC content (dark grey) and AT content (light
grey) of the genome. The v signifies pseudogenes.

(TTF)
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S6 Fig. Type 4 of the chloroplast genome of Corydalis species. Genes shown outside the cir-
cle are transcribed in the counter counter-clockwise direction, and those inside the circle are
transcribed in the clockwise direction. The colored bars indicate genes belonging to different
functional groups. The inner circles denote the GC content (dark grey) and AT content (light
grey) of the genome. The v signifies pseudogenes.

(TIF)

S7 Fig. Type 4’ of the chloroplast genome of Corydalis species. Genes shown outside the cir-
cle are transcribed in the counter counter-clockwise direction, and those inside the circle are
transcribed in the clockwise direction. The colored bars indicate genes belonging to different
functional groups. The inner circles denote the GC content (dark grey) and AT content (light
grey) of the genome. The y signifies pseudogenes.

(TIF)

S8 Fig. Type 5 of the chloroplast genome of Corydalis species. Genes shown outside the cir-
cle are transcribed in the counter counter-clockwise direction, and those inside the circle are
transcribed in the clockwise direction. The colored bars indicate genes belonging to different
functional groups. The inner circles denote the GC content (dark grey) and AT content (light
grey) of the genome. The y signifies pseudogenes.

(TIF)

S9 Fig. Type 6 of the chloroplast genome of Corydalis species. Genes shown outside the cir-
cle are transcribed in the counter counter-clockwise direction, and those inside the circle are
transcribed in the clockwise direction. The colored bars indicate genes belonging to different
functional groups. The inner circles denote the GC content (dark grey) and AT content (light
grey) of the genome. The y signifies pseudogenes.

(TIF)

S10 Fig. Type 7 of the chloroplast genome of Corydalis species. Genes shown outside the cir-
cle are transcribed in the counter counter-clockwise direction, and those inside the circle are
transcribed in the clockwise direction. The colored bars indicate genes belonging to different
functional groups. The inner circles denote the GC content (dark grey) and AT content (light
grey) of the genome. The v signifies pseudogenes.

(TIF)

S11 Fig. Sequence identity plots of the chloroplast genome sequences of Corydalis species
(types 1 and 2), as aligned by the Shuffle-LAGAN algorithm using the C. semenowii
sequence as a reference. Grey arrows indicate the orientation of genes, red bars represent
non-coding sequences, purple bars represent exons, and blue bars represent introns. The verti-
cal scale indicates the percentage identity within 50-100%.

(TIF)

S12 Fig. Sequence identity plots of the chloroplast genome sequences of Corydalis species
(type 3), as aligned by the Shuffle-LAGAN algorithm using the C. speciose sequence as a
reference. Grey arrows indicate the orientation of genes, red bars represent non-coding
sequences, purple bars represent exons, and blue bars represent introns. The vertical scale indi-
cates the percentage identity within 50-100%.

(TIF)

$13 Fig. Sequence identity plots of the chloroplast genome sequences of Corydalis species
(types 4 and 4’), as aligned by the Shuffle-LAGAN algorithm using the C. boweri sequence
as a reference. Grey arrows indicate the orientation of genes, red bars represent non-coding
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sequences, purple bars represent exons, and blue bars represent introns. The vertical scale indi-
cates the percentage identity within 50-100%.
(TIF)

S14 Fig. Sequence identity plots of the chloroplast genome sequences of Corydalis species
(types 5 and 6), as aligned by the Shuffle-LAGAN algorithm using the C. raddeana
sequence as a reference. Grey arrows indicate the orientation of genes, red bars represent
non-coding sequences, purple bars represent exons, and blue bars represent introns. The verti-
cal scale indicates the percentage identity within 50-100%.

(TIF)

S15 Fig. Sequence identity plots of the chloroplast genome sequences of Corydalis species
(type 7), as aligned by the Shuffle-LAGAN algorithm using the C. alata sequence as a refer-
ence. Grey arrows indicate the orientation of genes, red bars represent non-coding sequences,
purple bars represent exons, and blue bars represent introns. The vertical scale indicates the
percentage identity within 50-100%.

(TIF)

S$1 Table. Information on the collected 26 species.
(XLSX)

$2 Table. Information on 11 species of Corydalis registered with NCBI SRA.
(XLSX)

$3 Table. Information on 22 species down-loaded and used from NCBI nucleotide.
(XLSX)

$4 Table. Information from RSCU on 48 species of Corydalis.
(XLSX)

S5 Table. Information on the type and number of simple sequence repeats (SSRs) for 48
species of Corydalis and 1 species of Fumaria.
(XLSX)

S6 Table. Information from SSR on 48 species of Corydalis and 1 species of Fumaria.
(XLSX)

S$7 Table. Types and numbers of long repeats in the chloroplast genomes of 48 species of
Corydalis and 1 species of Fumaria by using REPuter.
(XLSX)

Acknowledgments

We thank Sa-Bum Jang, Kang Hyup Lee, Jung Sim Lee, Myoung Ja Nam, and Eun-Ho Lee for
tissue sampling and laboratory assistance throughout the project.

Author Contributions

Data curation: Sang-Chul Kim, Young-Ho Ha.
Formal analysis: Sang-Chul Kim.

Funding acquisition: Hyuk-Jin Kim.

Investigation: Sang-Chul Kim, Young-Ho Ha, Beom Kyun Park, Ju Eun Jang, Eun Su Kang,
Young-Soo Kim, Tae-Hee Kimspe, Hyuk-Jin Kim.

PLOS ONE | https://doi.org/10.1371/journal.pone.0289625 September 21, 2023 22/26


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0289625.s014
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0289625.s015
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0289625.s016
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0289625.s017
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0289625.s018
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0289625.s019
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0289625.s020
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0289625.s021
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0289625.s022
https://doi.org/10.1371/journal.pone.0289625

PLOS ONE

Comparative analysis of the complete chloroplast genome of Corydalis

Methodology: Sang-Chul Kim.

Project administration: Sang-Chul Kim, Hyuk-Jin Kim.

Validation: Young-Soo Kim, Tae-Hee Kimspe.

Visualization: Sang-Chul Kim, Beom Kyun Park, Ju Eun Jang, Eun Su Kang.

Writing - original draft: Sang-Chul Kim, Young-Ho Ha, Beom Kyun Park, Ju Eun Jang, Eun

Su Kang, Young-Soo Kim, Tae-Hee Kimspe.

Writing - review & editing: Sang-Chul Kim, Young-Ho Ha, Hyuk-Jin Kim.

References

1.

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

Daniell H, Lin CS, Yu M, Chang WJ. Chloroplast Genomes: Diversity, Evolution, and Applications in
Genetic Engineering. Genome Biol. 2016; 17: 134. hitps://doi.org/10.1186/s13059-016-1004-2 PMID:
27339192

Xu JH, Liu Q, Hu W, Wang T, Xue Q, Messing J. Dynamics of Chloroplast Genomes in Green Plants.
Genomics. 2015; 106: 221-231. https://doi.org/10.1016/j.ygeno.2015.07.004 PMID: 26206079

Asaf S, Khan AL, Aaqil Khan M, Muhammad Imran Q, Kang SM, Al-Hosni K, et al. Comparative Analy-
sis of Complete Plastid Genomes from Wild Soybean (Glycine soja) and Nine Other Glycine species.
PLOS ONE. 2017; 12:e0182281.

Jansen RK, Raubeson LA, Boore JL, Depamphilis CW, Chumley TW, Haberle RC, et al. Methods for
Obtaining and Analyzing Whole Chloroplast Genome Sequences. In Methods in enzymology. 2005;
395: 348-384. https://doi.org/10.1016/S0076-6879(05)95020-9 PMID: 15865976

Palmer JD. Comparative Organization of Chloroplast Genomes. Annual review of genetics. 1985; 19:
325-354. https://doi.org/10.1146/annurev.ge.19.120185.001545 PMID: 3936406

Cho KS, Yun BK, Yoon YH, Hong SY, Mekapogu M, Kim KH, Yang TJ. Complete Chloroplast Genome
Sequence of Tartary Buckwheat (Fagopyrum tataricum) and Comparative Analysis with Common Buck-
wheat (F. Esculentum). PLOS ONE. 2015; 10: e0125332.

Jansen RK, Ruhiman TA. Plastid Genomes of Seed Plants. In Bock R. Knoop V., Eds. Genomics of
chloroplasts and mitochondria. Advances in photosynthesis and respiration, Volume 35. Springer:
Dordrecht. 2012; pp. 103—126.

Palmer JD. Plastid Chromosomes: Structure and Evolution. In Bogorad L. Vasil |.K., Eds. The molecular
biology of plastids, Volume 7A. Academic Press: California. 1991; pp. 5-53.

Kim SC, Lee JW. The Complete Chloroplast Genome of Chamaecypatris obtusa (Cupressaceae). Mito-
chondrial DNA B. 2020; 5: 3278-3279.

Shin S, Kim SC, Hong KN, Kang H, Lee JW. The Complete Chloroplast Genome of Torreya nucifera
(Taxaceae) and Phylogenetic Analysis. Mitochondrial DNA B. 2019; 4: 2537-2538.

Li C, Zhao Y, Huang H, Ding Y, Hu Y, Xu Z. The Complete Chloroplast Genome of an Inverted-Repeat-
Lacking Species, Vicia sepium, and its phylogeny. Mitochondrial DNA B. 2018; 3: 137—-138.

Kang HI, Lee HO, Lee IH, Kim IS, Lee SW, Yang TJ, Shim D. Complete Chloroplast Genome of Pinus
densiflora Siebold & Zucc. and Comparative Analysis with Five Pine Trees. Forests. 2019; 10: 600.

Kim SC, Lee JW, Lee MW, Baek SH, Hong KN. The Complete Chloroplast Genome Sequences of Larix
kaempferiand Larix olgensis var. koreana (Pinaceae). Mitochondrial DNA B. 2017; 3: 36-37.

Kim SC, Baek SH, Lee JW, Hyun HJ. Complete Chloroplast Genome of Vaccinium oldhamiiand Phylo-
genetic Analysis. Mitochondrial DNA B. 2019; 4: 902—-903.

LiudJ, ChenT, Zhang Y, Li Y, Gong J, Yi Y. The Complete Chloroplast Genome of Rhododendron dela-
vayi (Ericaceae). Mitochondrial DNA B. 2019; 5: 37-38.

Liu YY, Kan SL, Wang JL, Cao YN, Li JM. Complete Chloroplast Genome Sequences of Corydalis edu-
lis and Corydalis Shensiana (Papaveraceae). Mitochondrial DNA B. 2021; 6: 257-258.

Wang ZF, Chang LW, Cao HL. The Complete Chloroplast Genome of Rhododendron kawakamii (Erica-
ceae). Mitochondrial DNA B. 2021; 6: 2538—2540.

Park S, An B, Park S. Reconfiguration of the Plastid Genome in Lamprocapnos spectabilis: IR Boundary
Shifting, Inversion, and Intraspecific Variation. Scientific Reports. 2018; 8(1): 1-14.

Choi IS, Choi BH. The Distinct Plastid Genome Structure of Maackia fauriei (Fabaceae: Papilionoideae)
and its systematic implications for genistoids and tribe Sophoreae. PLOS ONE. 2017; 12: e0173766.

PLOS ONE | https://doi.org/10.1371/journal.pone.0289625 September 21, 2023 23/26


https://doi.org/10.1186/s13059-016-1004-2
http://www.ncbi.nlm.nih.gov/pubmed/27339192
https://doi.org/10.1016/j.ygeno.2015.07.004
http://www.ncbi.nlm.nih.gov/pubmed/26206079
https://doi.org/10.1016/S0076-6879%2805%2995020-9
http://www.ncbi.nlm.nih.gov/pubmed/15865976
https://doi.org/10.1146/annurev.ge.19.120185.001545
http://www.ncbi.nlm.nih.gov/pubmed/3936406
https://doi.org/10.1371/journal.pone.0289625

PLOS ONE

Comparative analysis of the complete chloroplast genome of Corydalis

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.
34.

35.

36.

37.

38.

39.

40.

4,

42,

43.

Choi KS, Ha YH, Gil HY, Choi K, Kim DK, Oh SH. Two Korean Endemic Clematis Chloroplast
Genomes: Inversion, Reposition, Expansion of the Inverted Repeat Region, Phylogenetic Analysis, and
Nucleotide Substitution Rates. Plants (Basel). 2021; 10: 397.

Kim SC, Kim JS, Kim JH. Insight into Infrageneric Circumscription through Complete Chloroplast
Genome Sequences of Two Trillium species. AoB Plants. 2016; 8.

Zhai W, Duan X, Zhang R, Guo C, Li L, Xu G, et al. Chloroplast Genomic Data Provide New and Robust
Insights into the Phylogeny and Evolution of the Ranunculaceae. Molecular Phylogenetics and Evolu-
tion. 2019; 135: 12-21. https://doi.org/10.1016/j.ympev.2019.02.024 PMID: 30826488

Xu X, Wang D. Comparative Chloroplast Genomics of Corydalis species (Papaveraceae): Evolutionary
Perspectives on Their Unusual Large Scale Rearrangements. Frontiers in Plant Science. 2021; 11:
600354.

Sinn BT, Sedmak DD, Kelly LM, Freudenstein JV. Total Duplication of the Small Single Copy Region in
the Angiosperm Plastome: Rearrangement and Inverted Repeat Instability in Asarum. American Jour-
nal of Botany. 2018; 105(1): 71-84.

Lidén M. New Taxa of Tuberous Corydalis (Fumariaceae). Willdenowia. 1996; 26: 23-35.

Zhi-Yun S, Lidén M. Corydalisin China |I: Some New Species. Edinburgh Journal of Botany. 1997; 54
(1): 55—-84. https://doi.org/10.1017/S0960428600003863

Damerval C, Nadot S. Evolution of Perianth and Stamen Characteristics with Respect to Floral Symme-
try in Ranunculales. Annals of Botany. 2007; 100(3): 631-640. https://doi.org/10.1093/acb/mcm041
PMID: 17428835

Ha YH, Kim C, Choi K, Kim JH. Molecular Phylogeny and Dating of Forsythieae (Oleaceae) Provide
Insight into the Miocene History of Eurasian Temperate Shrubs. Frontiers in plant science. 2018; 9: 99.
https://doi.org/10.3389/fpls.2018.00099 PMID: 29459880

Pérez-Gutiérrez MA, Romero-Garcia AT, Fernandez MC, Blanca G, Salinas-Bonillo MJ, & Suarez-San-
tiago VN. Evolutionary History of Fumitories (Subfamily Fumarioideae, Papaveraceae): An Old Story
Shaped by the Main Geological and Climatic Events in the Northern Hemisphere. Molecular phyloge-
netics and evolution. 2015; 88: 75-92. https://doi.org/10.1016/j.ympev.2015.03.026 PMID: 25862377

Wu Z, Raven PH, Hong D. Flora of China, Volume 7. Menispermaceae through Capparaceae. Science
Press: Beijing, 2008.

Yang SG. Systematic Study of the Genus Corydalis (Fumariaceae) in Korea. PhD thesis. Chungbuk
National University, Cheongju, Korea, 2016.

Chung GY, Chang KS, Chung JM, Choi HJ, Paik WK, Hyun JO. A Checklist of Endemic Plants on the
Korean Pen-insula. Korean Journal of Plant Taxonomy. 2017; 47: 264—288.

Lee YN. New Taxa on Korean Flora (6). Korean Journal of Plant Taxonomy. 1998; 28: 25-39.

Jo H, Shin C, Kim M. A New Species of Corydalis (Fumariaceae): C. Bonghwaensis M. Kim & H. Jo.
Korean Journal of Plant Taxonomy. 2017; 47: 308-315. https://doi.org/10.11110/KJPT.2017.47.4.308

Ren FM, Wang YW, Xu ZC, Li Y, Xin TY, Zhou JG, et al. DNA barcoding of Corydalis, the most taxo-
nomically complicated genus of Papaveraceae. Ecology and Evolution. 2019; 9(4): 1934-1945.

Lidén M, Fukuhara T, Rylander J, Oxelman B. Phylogeny and Classification of Fumariaceae, with
Emphasis on Dicentra s. ., Based on the Plastid Gene rps16 Intron. Plant Systematics and Evolution.
1997; 206: 411-420.

Wang YW. Systematics of Corydalis DC. Fumariaceae. Institute of Botany, the Chinese Academy of
Sciences: Beijing. 2006.

Huang X, Xu X, Wang D. Insight from Newly Sequenced Chloroplast Genome Challenges the Primitive
Position of Corydalis temulifolia (Papaveraceae). Phytotaxa. 2022; 548: 223-239.

Kanwal N, Zhang X, Afzal N, Yang J, Li Z, Zhao G. Complete Chloroplast Genome of a Chinese
Endemic Species Corydalis trisecta Franch. (Papaveraceae). Mitochondrial DNA B. 2019; 4:2291—
2292

Wu J, Lin P, Guo Y, Liu M. The Complete Chloroplast Genome of Corydalis conspersa. Mitochondrial
DNA B. 2020; 5: 1977-1978.

YuZ, Zhou T, Li N, Wang D. The Complete Chloroplast Genome and Phylogenetic Analysis of Coryda-
lis fangshanensis W.T. Wang Ex S.Y. He (Papaveraceae). Mitochondrial DNA B. 2021; 6: 3171-3173.

Pérez-Gutiérrez MA, Romero-Garcia AT, Salinas MJ, Blanca G, Fernandez MC, Suarez-Santiago VN.
Phylogeny of the Tribe Fumarieae (Papaveraceae s. |.) Based on Chloroplast and Nuclear DNA
Sequences: Evolutionary and Biogeographic Implications. American journal of Botany. 2012; 99(3):
517-528. https://doi.org/10.3732/ajb.1100374 PMID: 22334448

Mitich LW. Fumitory (Fumaria officinalis L.). Weed technology. 1997; 11: 843-845.

PLOS ONE | https://doi.org/10.1371/journal.pone.0289625 September 21, 2023 24/26


https://doi.org/10.1016/j.ympev.2019.02.024
http://www.ncbi.nlm.nih.gov/pubmed/30826488
https://doi.org/10.1017/S0960428600003863
https://doi.org/10.1093/aob/mcm041
http://www.ncbi.nlm.nih.gov/pubmed/17428835
https://doi.org/10.3389/fpls.2018.00099
http://www.ncbi.nlm.nih.gov/pubmed/29459880
https://doi.org/10.1016/j.ympev.2015.03.026
http://www.ncbi.nlm.nih.gov/pubmed/25862377
https://doi.org/10.11110/KJPT.2017.47.4.308
https://doi.org/10.3732/ajb.1100374
http://www.ncbi.nlm.nih.gov/pubmed/22334448
https://doi.org/10.1371/journal.pone.0289625

PLOS ONE

Comparative analysis of the complete chloroplast genome of Corydalis

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Xu X, Wang D. Characterization of the Complete Chloroplast Genome of Corydalis inopinata Prain ex
Fedde (Papaveraceae). Mitochondrial DNA B. 2020; 5: 3284—3285.

JinJJ, Yu WB, Yang JB, Song Y, DePamphilis CW, Yi TS, et al. GetOrganelle: a fast and versatile
toolkit for accurate de novo assembly of organelle genomes. Genome biology. 2020; 21: 1-31. https:/
doi.org/10.1186/s13059-020-02154-5 PMID: 32912315

Kearse M, Moir R, Wilson A, Stones-Havas S, Cheung M, Sturrock S, et al. Geneious Basic: An inte-
grated and extendable desktop software platform for the organization and analysis of sequence data.
Bioinformatics. 2012; 28: 1647—1649. https://doi.org/10.1093/bioinformatics/bts199 PMID: 22543367

Tillich M, Lehwark P, Pellizzer T, Ulbricht-Jones ES, Fischer A, Bock R, et al. GeSeg-versatile and
accurate annotation of organelle genomes. Nucleic acids research. 2017; 45(W1): W6-W11.

Lowe TM, Chan PP. tRNAscan-SE On-line: integrating search and context for analysis of transfer RNA
genes. Nucleic acids research. 2016; 44: W54-W57. https://doi.org/10.1093/nar/gkw413 PMID:
27174935

Greiner S, Lehwark P, Bock R. OrganellarGenomeDRAW (OGDRAW) version 1. 3. 1: expanded toolkit
for the graphical visualization of organellar genomes. Nucleic acids research. 2019; 47(W1): W59—
W864. https://doi.org/10.1093/nar/gkz238 PMID: 30949694

Kumar S, Stecher G, Li M, Knyaz C, Tamura K. MEGA X: Molecular Evolutionary Genetics Analysis
across Computing Platforms. Molecular biology and evolution. 2018; 35(6): 1547—1549. hitps://doi.org/
10.1093/molbev/msy096 PMID: 29722887

Beier S, Thiel T, Munch T, Scholz U, Mascher M. MISA-web: a web server for microsatellite prediction.
Bioinformatics. 2017; 33: 2583-2585. https://doi.org/10.1093/bioinformatics/btx198 PMID: 28398459

Kurtz S, Choudhuri JV, Ohlebusch E, Schleiermacher C, Stoye J, Giegerich R. REPuter: the manifold
applications of repeat analysis on a genomic scale. Nucleic acids research. 2001; 29(22): 4633—-4642.
https://doi.org/10.1093/nar/29.22.4633 PMID: 11713313

Frazer KA, Pachter L, Poliakov A, Rubin EM, Dubchak I. VISTA: computational tools for comparative
genomics. Nucleic acids research. 2004; 32: W273-W279. https://doi.org/10.1093/nar/gkh458 PMID:
15215394

Rozas J, Ferrer-Mata A, Sanchez-DelBarrio JC, Guirao-Rico S, Librado P, Ramos-Onsins SE, et al.
DnaSP 6: DNA sequence polymorphism analysis of large data sets. Molecular biology and evolution.
2017; 34(12): 3299-3302. https://doi.org/10.1093/molbev/msx248 PMID: 29029172

Kalyaanamoorthy S, Minh BQ, Wong TKF, von Haeseler A, Jermiin LS. ModelFinder: fast model selec-
tion for accurate phylogenetic estimates. Nature methods. 2017; 14: 587-589. https://doi.org/10.1038/
nmeth.4285 PMID: 28481363

Nguyen LT, Schmidt HA, von Haeseler A, Minh BQ. IQ-TREE: A Fast and Effective Stochastic Algo-
rithm for Estimating Maximum-Likelihood Phylogenies. Molecular biology and evolution. 2015; 32(1):
268-274. https://doi.org/10.1093/molbev/msu300 PMID: 25371430

Zhang D, Gao F, Jakovli¢ |, Zou H, Zhang J, Li WX, Wang GT. PhyloSuite: An integrated and scalable
desktop platform for streamlined molecular sequence data management and evolutionary phyloge-
netics studies. Molecular ecology resources. 2020; 20: 348-355. https://doi.org/10.1111/1755-0998.
13096 PMID: 31599058

Minh BQ, Nguyen MA, Von Haeseler A. Ultrafast Approximation for Phylogenetic Bootstrap. Molecular
biology and evolution. 2013; 30(5): 1188—1195. https://doi.org/10.1093/molbev/mst024 PMID:
23418397

Ronquist F, Teslenko M, Van Der Mark P, Ayres DL, Darling A, Hohna S, et al. MrBayes 3.2: efficient
Bayesian Phylogenetic Inference and Model Choice across a Large Model Space. Systematic biology.
2012; 61(3): 539-542. https://doi.org/10.1093/sysbio/sys029 PMID: 22357727

Warburton PE, Hasson D, Guillem F, Lescale C, Jin X, Abrusan G. Analysis of the largest tandemly
repeated DNA families in the human genome. BMC Genomics. 2008; 9: 533. https://doi.org/10.1186/
1471-2164-9-533 PMID: 18992157

Sun'Y, Moore MJ, Zhang S, Soltis PS, Soltis DE, Zhao T, et al. Phylogenomic and structural analyses
of 18 complete plastomes across nearly all families of early-diverging eudicots, including an angio-
sperm-wide analysis of IR gene content evolution. Molecular Phylogenetics and Evolution. 2016; 96:
93-101. https://doi.org/10.1016/j.ympev.2015.12.006 PMID: 26724406

Ren F, Wang L, Li Y, Zhuo W, Xu Z, Guo H, et al. Highly variable chloroplast genome from two endan-
gered Papaveraceae lithophytes Corydalis tomentella and Corydalis saxicola. Ecology and Evolution.
2021; 11(9): 4158-4171.

Rousseau-Gueutin M, Huang X, Higginson E, Ayliffe M, Day A, Timmis JN. Potential Functional
Replacement of the Plastidic Acetyl-CoA Carboxylase Subunit (accD) Gene by Recent Transfers to the
Nucleus in Some Angiosperm Lineages. Plant physiology. 2013; 161(4): 1918-1929.

PLOS ONE | https://doi.org/10.1371/journal.pone.0289625 September 21, 2023 25/26


https://doi.org/10.1186/s13059-020-02154-5
https://doi.org/10.1186/s13059-020-02154-5
http://www.ncbi.nlm.nih.gov/pubmed/32912315
https://doi.org/10.1093/bioinformatics/bts199
http://www.ncbi.nlm.nih.gov/pubmed/22543367
https://doi.org/10.1093/nar/gkw413
http://www.ncbi.nlm.nih.gov/pubmed/27174935
https://doi.org/10.1093/nar/gkz238
http://www.ncbi.nlm.nih.gov/pubmed/30949694
https://doi.org/10.1093/molbev/msy096
https://doi.org/10.1093/molbev/msy096
http://www.ncbi.nlm.nih.gov/pubmed/29722887
https://doi.org/10.1093/bioinformatics/btx198
http://www.ncbi.nlm.nih.gov/pubmed/28398459
https://doi.org/10.1093/nar/29.22.4633
http://www.ncbi.nlm.nih.gov/pubmed/11713313
https://doi.org/10.1093/nar/gkh458
http://www.ncbi.nlm.nih.gov/pubmed/15215394
https://doi.org/10.1093/molbev/msx248
http://www.ncbi.nlm.nih.gov/pubmed/29029172
https://doi.org/10.1038/nmeth.4285
https://doi.org/10.1038/nmeth.4285
http://www.ncbi.nlm.nih.gov/pubmed/28481363
https://doi.org/10.1093/molbev/msu300
http://www.ncbi.nlm.nih.gov/pubmed/25371430
https://doi.org/10.1111/1755-0998.13096
https://doi.org/10.1111/1755-0998.13096
http://www.ncbi.nlm.nih.gov/pubmed/31599058
https://doi.org/10.1093/molbev/mst024
http://www.ncbi.nlm.nih.gov/pubmed/23418397
https://doi.org/10.1093/sysbio/sys029
http://www.ncbi.nlm.nih.gov/pubmed/22357727
https://doi.org/10.1186/1471-2164-9-533
https://doi.org/10.1186/1471-2164-9-533
http://www.ncbi.nlm.nih.gov/pubmed/18992157
https://doi.org/10.1016/j.ympev.2015.12.006
http://www.ncbi.nlm.nih.gov/pubmed/26724406
https://doi.org/10.1371/journal.pone.0289625

PLOS ONE

Comparative analysis of the complete chloroplast genome of Corydalis

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.
76.

77.

78.

Kode V, Mudd EA, lamtham S, Day A. The tobacco plastid accD gene is essential and is required for
leaf development. The plant journal. 2005; 44(2): 237—244.

Harris ME, Meyer G, Vandergon T, Vandergon VO. Loss of the Acetyl-CoA Carboxylase (accD) Gene
in Poales. Plant Molecular Biology Reporter. 2013; 31:21-31.

Goremykin VV, Holland B, Hirsch-Ermnst Kl, Hellwig FH. Analysis of Acorus calamus chloroplast genome
and its phylogenetic implications. Molecular biology and evolution. 2005; 22(9): 1813-1822.

Molina J, Hazzouri KM, Nickrent D, Geisler M, Meyer RS, Pentony MM, et al. Possible Loss of the Chlo-
roplast Genome in the Parasitic Flowering Plant Rafflesia lagascae (Rafflesiaceae). Molecular biology
and evolution. 2014; 31(4): 793-803.

Guisinger MM, Kuehl JV, Boore JL, Jansen RK. Genome-wide analyses of Geraniaceae plastid DNA
reveal unprecedented patterns of increased nucleotide substitutions. Proceedings of the National Acad-
emy of Sciences. 2008; 105(47): 18424—18429. https://doi.org/10.1073/pnas.0806759105 PMID:
19011103

Magee AM, Aspinall S, Rice DW, Cusack BP, Sémon M, Perry AS, et al. Localized hypermutation and
associated gene losses in legume chloroplast genomes. Genome research. 2010; 20(12): 1700-1710.
https://doi.org/10.1101/gr.111955.110 PMID: 20978141

Jiang H, Tian J, Yang J, Dong X, Zhong Z, Mwachala G, et al. Comparative and phylogenetic analyses
of six Kenya Polystachya (Orchidaceae) species based on the complete chloroplast genome
sequences. BMC Plant Biology. 2022; 22(1): 1-21.

Braukmann TW, Kuzmina M, Stefanovi¢ S. Loss of all plastid ndh genes in Gnetales and conifers:
extent and evolutionary significance for the seed plant phylogeny. Current Genetics. 2009; 55: 323—
337.

Sun'Y, Moore MJ, Lin N, Adelalu KF, Meng A, Jian S, et al. Complete plastome sequencing of both living
species of Circaeasteraceae (Ranunculales) reveals unusual rearrangements and the loss of the ndh
Gene Family. BMC Genomics. 2017; 18:592.

Grassi F, Labra M, Scienza A, Imazio S. Chloroplast SSR markers to assess DNA diversity in wild and
cultivated grapevines. Vitis. 2002; 41: 157-158.

Weng ML, Blazier JC, Govindu M, Jansen RK. Reconstruction of the ancestral plastid genome in Gera-
niaceae reveals a correlation between genome rearrangements, repeats, and nucleotide substitution
rates. Molecular biology and evolution. 2014; 31(4): 645-659. https://doi.org/10.1093/molbev/mst257
PMID: 24336877

King DG, Soller M, Kashi Y. Evolutionary tuning knobs. Endeavour. 1997; 21(1): 36—40.

Dunn MJ, Anderson MZ. To Repeat or Not to Repeat: Repetitive Sequences Regulate Genome Stability
in Candida albicans. Genes. 2019; 10: 866.

Khristich AN, Mirkin SM. On the wrong DNA track: Molecular mechanisms of repeat-mediated genome
instability. Journal of Biological Chemistry. 2020; 295(13): 4134—4170. https://doi.org/10.1074/jbc.
REV119.007678 PMID: 32060097

Kim HW, Kim KJ. Complete plastid genome sequences of Coreanomecon hylomeconoides Nakai
(Papaveraceae), a Korea endemic genus. Mitochondrial DNA B. 2016; 1: 601-602.

PLOS ONE | https://doi.org/10.1371/journal.pone.0289625 September 21, 2023 26/26


https://doi.org/10.1073/pnas.0806759105
http://www.ncbi.nlm.nih.gov/pubmed/19011103
https://doi.org/10.1101/gr.111955.110
http://www.ncbi.nlm.nih.gov/pubmed/20978141
https://doi.org/10.1093/molbev/mst257
http://www.ncbi.nlm.nih.gov/pubmed/24336877
https://doi.org/10.1074/jbc.REV119.007678
https://doi.org/10.1074/jbc.REV119.007678
http://www.ncbi.nlm.nih.gov/pubmed/32060097
https://doi.org/10.1371/journal.pone.0289625

