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Abstract

Background: Cardamine flexuosa is considered to be two separate species in the Cardamine genus based on their geographical distribu-
tion: European C. flexuosa and Eastern Asian C. flexuosa. These two species have not shown any morphological differences to distinguish
each other. Recently, the Eastern Asian species has been regarded as Cardamine occulta by their ecological habitats. Therefore, we are
interested in analyzing the C. occulta chloroplast genome and its characteristics at the molecular level. Methods: Here, the complete
chloroplast (cp) genome of C. occulta was assembled de novo with next-generation sequencing technology and various bioinformatics
tools applied for comparative studies. Results: The C. occulta cp genome had a quadripartite structure, 154,796 bp in size, consisting of
one large single-copy region of 83,836 bp and one small single-copy region of 17,936 bp, separated by two inverted repeats (IRa and IRb)
regions of 26,512 bp. This complete cp genome harbored 113 unique genes, including 80 protein-coding genes, 29 tRNA, and four rRNA
genes. Of these, six PCGs, eight tRNA, and four rRNA genes were duplicated in the IR region, and one gene, inf4, was a pseudogene.
Comparative analysis showed that all the species of Cardamine encoded a small variable number of repeats and SSRs in their cp genome.
In addition, 56 divergences (Pi > 0.03) were found in the coding (Pi > 0.03) and non-coding (Pi > 0.10) regions. Furthermore, KA/KS
nucleotide substitution analysis indicated that thirteen protein-coding genes are highly diverged and identified 29 amino acid sites under
potentially positive selection in these genes. Phylogenetic analyses suggested that C. occulta has a closer genetic relationship to C. fallax
with a strong bootstrap value. Conclusions: The identified hotspot regions could be helpful in developing molecular genetic markers for

resolving the phylogenetic relationships and species validation of the controversial Cardamine clade.
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1. Introduction

The chloroplast genomes have a stable and straight-
forward genetic structure, haploid, and are generally uni-
parentally transmitted [1]. This organelle is involved in
plant cells for nitrogen fixation, photosynthesis, biosynthe-
sis of starch, fatty acids, essential amino acids, and pig-
ments [2,3]. The cp genomes of flowering plants usually
have a typical circular structure, 107-280 kb in length, that
consists of a large single-copy (LSC) and a small single-
copy (SSC) region, which are separated by two large, in-
verted repeats (IRs) region [4,5]. Owing to the maternal
inheritance characteristics, the nucleotide substitution rate
of the cp genes is lower than that of nuclear genes but
higher than that of the mitochondrial genes. Nevertheless,
the rate of plastome genome evolution appears to be taxon
and gene-dependent [6]. Therefore, techniques for analyz-
ing the molecular phylogeny of plants are strongly depen-
dent on plastome genome sequence data [7]. Thus far, more
than 6100 land plant chloroplast genomes are available at
the NCBI organellar genome database, which can be used
for comparative studies to resolve the phylogenetic implica-
tions of the controversial clade. In addition, recent studies

showed that the cp genome encompasses various polymor-
phic regions at both coding and non-coding regions gen-
erated through genomic expansion, contraction, inversion,
indel, or genome rearrangement that could be used widely
as an effective tool for plant phylogenomic analyses [8].
The genus Cardamine (bittercress) is one of the largest
genera of the family Brassicaceae and is distributed widely
across all the continents except Antarctica [9]. This genus
comprises more than 200 exceptionally complex species
and remains controversial and unresolved in many circum-
stances [10]. Among the Cardamine taxa, Cardamine flex-
uosa With. is distributed in Europe and Eastern Asia [10].
Moreover, the two taxa have not shown any morphologi-
cal differences that can be used to distinguish these species
[11]. Until 2006, the Eurasian taxa, C. flexuosa, is consid-
ered a single species [10]. From 2006 onwards, the C. flex-
uosa was considered two different species based on their
location [12]. Recent studies showed that these two species
differed by their ecological habitats and reported that the
Eastern Asian C. flexuosa species should be considered C.
occulta [9]. Differences were also found in the ploidy level.
The tetraploid species C. flexuosa originated from Europe,
whereas the octoploid C. occulta Hornem. is from Eastern
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Asia and introduced to other continents [11,13]. The diploid
species C. amaraeformis and C. hirsuta are the parental
species for C. flexuosa. In contrast, the tetraploidy C. scu-
tata (Diploid species C. amaraeformis and C. parviflora as
the parents) and C. kokaiensis (Diploid species C. parvi-
flora as the parent) are the parental for C. occulta [9].

Lihova ef al. [10] reported that the populations of
Eastern species C. occulta distinguished from the Euro-
pean species C. flexuosa based on the phylogenetic stud-
ies of internal transcribed spacer (ITS) region of IDNA and
the trnL-trnF region of cpDNA. From the biogeographi-
cal perspective of C. flexuosa, the diploid parental species
C. amaraeformis is currently absent from Eastern Asia,
whereas the tetraploids C. scutata and C. kokaiensis are dis-
tributed in Eastern Asia [14]. Previous studies suggested
that the morphologically close species of C. amaraeformis
are C. torrentis Nakai, C. amariformis Nakai, and C. val-
ida, present in Eastern Asia [15,16]. Therefore, the diploid
C. amaraeformis may have had a significantly broader dis-
persal area in the past, reaching easternmost Asia and con-
tributing to multiple polyploidization events there [17]. A
previous study characterized the cp genome of the parental
species C. amaraeformis for C. occulta [18]. Therefore, the
present study is interested in characterizing the complete
chloroplast genome sequence of C. occulta (Asian C. flex-
uosa With.), and phylogenetic studies were carried out to
resolve this issue. Moreover, there are no extensive com-
parative studies of the Cardamine genera at the whole plas-
tome level. Therefore, this study compared the cp genome
of C. occulta with other fourteen species of the Cardamine
genomes and identified hotspot regions that could help de-
velop the molecular markers to distinguish the controversial
Cardamine species. Overall, this study will provide valu-
able information for understanding the evolutionary rela-
tionship of C. occulta in the Cardamine clade.

2. Materials and Methods
2.1 DNA Extraction and Sequencing of Cardamine occulta

The fresh young leaves of Cardamine occulta were
collected from Cheongok Mountain, Bonghwa-gun, South
Korea (geospatial coordinates: N37°4’9”, E128°57'47")
and a voucher specimen (YNUH21C064) was deposited in
the Yeungnam University Plant Herbarium (http://lifescienc
es.yu.ac.kr), Gyeongsan, South Korea (Prof. SeonJoo Park,
sjpark01@ynu.ac.kr). The entire plant genomic DNA was
extracted using a modified cetyltrimethylammonium bro-
mide method [19]. Whole-genome sequencing was per-
formed using a pair-end library (150 x 2), and an insert
size of 350 base pairs (bp) using Illumina HiSeq 2500 se-
quencing system at LabGenomics, Seongnam, South Ko-
rea. The read quality was examined with FastQC v0.11.9
[20], and low-quality reads were discarded with Trimmo-
matic 0.40 [21]. The clean reads were filtered using the
GetOrganelle v1.7.4.1 pipeline (https://github.com/Kingg
erm/GetOrganelle) to procure plastid-like reads, and the fil-

tered reads were assembled de novo method using SPAdes
v3.15.2 [22]. The complete chloroplast genome sequence
of C. occulta and their gene annotation were submitted to
GenBank (MZ043777).

2.2 Annotation of C. Occulta Chloroplast Genome

The online program Dual Organeller GenoMe Anno-
tator (DOGMA) was accomplished to annotate the chloro-
plast genome sequence of C. occulta [23]. The initial anno-
tation, putative starts, stops, and intron positions of homol-
ogous genes were improved by comparing with the closely
related species of Cardamine. The transfer RNA genes
were confirmed using the tRNAscan-SE versionl.21 with
default settings [24]. A circular cp genome map of the C.
occulta was produced using the OrganellarGenome DRAW
(OGDRAW) program [25].

2.3 Comparative Chloroplast Genome Analysis of
Cardamine Genus

The mVISTA program in the Shuffle-LAGAN model
was applied to analyze the cp genome of C. occulta with
14 other closely related cp genomes of Cardamine genus,
applying C. occulta annotation as a reference [26]. The
boundaries between the IR and SC regions of all the gen-
era of Cardamine were also compared and investigated.

2.4 Analysis of the Genetic Divergence in the Cardamine
cp Genomes

The genetic divergence was investigated by extract-
ing and aligning the protein-coding genes, intergenic and
intron-containing regions of 15 Cardamine species cp
genome individually using Geneious Prime (Biomatters,
New Zealand). The genetic divergence among the Car-
damine species was estimated using nucleotide diversity ()
and the whole number of polymorphic sites by DnaSP v5
[27]. In this analysis, gaps and missing data were excluded.

2.5 Characterization of the Substitution Rates of
Cardamine cp Genomes

The cp genome of C. occulta was compared with the
other 14 species of Cardamine cp genomes to determine
the synonymous (Kg) and non-synonymous (Kj,) substi-
tution rates. The specific individual functional protein-
coding gene exons of these genomes were extracted and
aligned separately using Geneious Prime (Biomatters, New
Zealand). The aligned sequences were translated into pro-
tein sequences and evaluated using DnaSP for K4 and Kg
substitution rates without stop codon [27].

2.6 Positive Selection Analysis

Positive selection analysis was carried out based
on the substitution analysis of the Cardamine species.
The site-specific model was applied to estimate the non-
synonymous (K, ) and synonymous substitution (Kg) ratio
of thirteen protein-coding genes (atpB, ccsA, cemA, matK,
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ndhA, ndhD, ndhF, ndhG, ndhJ, petA, petD, rpsi6, and
vef2) of all Cardamine species using EasyCodeML [28].
The sequence of all the thirteen protein-coding genes was
aligned separately using the MAFFT program, and the max-
imum likelihood phylogenetic tree was constructed using
RAXML v. 7.2.6 [29]. The codon substitution models MO,
Mla, M2a, M3, M7, M8, and M8a were analyzed. The
likelihood ratio test was performed to detect the positively
selected sites: MO (one-ratio) vs. M3 (discrete), M1a (neu-
tral) vs. M2a (positive selection) and M7 () vs. M8 (8
and w > 1) and M8a (8 and w = 1) vs. M8, which were
compared using a site-specific model [28]. The likelihood
ratio test (LRT) of the comparison was achieved to evaluate
the selection strength. The p-values of a Chi-square (x?)
< 0.05 were considered significant. If the LRT p-values
were significant (<0.05), the Bayes Empirical Bayes (BEB)
method was implemented to identify the codons under pos-
itive selection. BEB values higher than 0.95 and 0.99 indi-
cate the sites possibly under positive selection and highly
positive selection, which is implied by asterisks and double
asterisks, respectively.

2.7 Repeat Sequences and Single Sequence Repeats (SSR)
Analysis of Cardamine Genus

The program REPuter was used to determine the pres-
ence of repeat sequences in the Cardamine cp genomes, in-
cluding forward, reverse, palindromic, and complementary
repeats [30] The following parameters were used to detect
repeats in REPuter: (1) Hamming distance 3, (2) minimum
sequence identity of 90%, (3) and a repeat size of more than
30 bp. In addition, Phobos software v1.0.6 was used to
find the SSRs in Cardamine cp genomes; parameters for
the match, mismatch, gap, and N positions were set at 1,
-5, =5, and 0, respectively [31]. Only one IR region was
used in the repeat and SSR marker analyses.

2.8 Phylogenetic Tree Analysis of Brassicaceae

This study used the cp genomes of 38 Brassicaceae
species and two outgroup species for phylogenetic analysis
based on 68 homologous CDs, LSC, SSC, and IR regions
and the whole genomes separately. The 39 completed cp
genome sequences were downloaded from the NCBI Or-
ganelle Genome Resource database (Supplementary Ta-
ble 1). For ML analysis, the aligned protein-coding gene
sequences were saved in PHYLIP format using Clustal
X v2.1. Phylogenetic analysis was analyzed using the
maximum likelihood (ML) method and the GTRGAMMA
model using RAXML v. 8.2.X with 1000 bootstrap replica-
tions [29]. The same five individual data sets were also per-
formed by Bayesian Markov chain Monte Carlo (MCMC)
inference using the MrBayes v3.2.6 [32,33] phylogenetic
tree in Geneious Prime v2022.0.2. The gamma model of
rate variation and the HKY85 substitution model were used
for this analysis.
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3. Results

3.1 General Characteristics of the Cardamine occulta
Chloroplast Genome

The complete Cardamine occulta chloroplast genome
showed a quadripartite structure comprised of 154,796 bp,
including a small single-copy (SSC) region of 17,936 bp
and a large single-copy (LSC) region of 83,836 bp, which
were separated by a pair of inverted repeats (IRa and IRb)
of 26,512 bp (Fig. 1; Table 1). The average GC content
of the cp genome was 36.3%. The IR regions had the
highest GC content (42.4%), followed by the LSC (34%)
and SSC regions (29.2%). The C. occulta cp genome
encoded 113 unique genes: 80 protein-coding genes, 29
tRNAs and four rRNAs. Among the 113 genes, four-
teen contained one intron (eight protein-coding and six
tRNA genes), and three encoded two introns (clpP, ycf3,
and rpsi12). The rpsi2 gene was a trans-spliced gene with
its 5°- end exon located in the LSC region and its intron 3’-
end exon duplicated in IR regions. In addition, 18 genes
were duplicated in the IR regions (Supplementary Table
2).

Table 1. General characteristics of the Cardamine occulta

chloroplast genome.

Genome features Cardamine occulta

Total length (bp) 154,796
LSC length (bp) 83,836
SSC length (bp) 17,936
IR length (bp) 26,512
GC content (%) 36.3
Total genes 131
Genes duplicated in the IR region 18
Protein-coding genes 80
tRNA genes 29
rRNA genes 4

3.2 Comparative Analysis of the Species of Cardamine
Genera

The cp genome border LSC-IRb and SSC-IRa of C.
occulta were compared with the other fourteen species of
Cardamine genera (Fig. 2). The intact copy of the rpsi9
gene was distributed in the LSC/IRb border of all Car-
damine species and dividends 106 bp to 135 bp in the IRb
region resulting in the 7p/2 gene being situated in the IRb re-
gion. Similarly, the pseudogene, ycf1, and ndhF are present
in the IRa/SSC border of all the Cardamine cp genomes that
exhibit overlap. The overlap of these two coding regions
was conserved from 30—192 bp in the border of IRa/SSC of
their cp genomes. In all the species of Cardamine genera
cp genomes, the SSC-IRD junction contains the full-length
ycfl genes, whereas the IRa/LSC junction encodes the frag-
mented ps19 and trnH genes.
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Fig. 1. Gene map of Cardamine occulta. Genes lying outside the outer circle are transcribed in a counter-clockwise direction, and genes

inside this circle are transcribed in a clockwise direction. The colored bars indicate known protein-coding genes, transfer RNA genes,

and ribosomal RNA genes. The dashed, dark grey area in the inner circle represents the GC content, and the light grey area implies the

genome AT content. LSC, large single-copy; SSC, small single-copy; IR, inverted repeat.

3.3 Divergence Analysis of cp Sequence and High
Variation Region of Cardamine Genera

Genome-wide comparative analyses of the fifteen
Cardamine cp genomes were achieved using mVISTA to
estimate the level of sequence divergence. The cp genomes
displayed strong sequence similarity, indicating that the
plastomes are highly conserved (Fig. 3). Compared to the
non-coding regions and single copy, the coding regions and
IR were more conserved, with low variation among Car-
damine.

3.4 Nucleotide Diversity Analysis

The nucleotide diversity of 204 regions was evaluated
using DnaSP software, including 74 protein-coding genes

and 128 intergenic and intron regions among fifteen cp
genomes of Cardamine genera. The results showed that the
maximum variable regions (>0.03) in the protein-coding
genes that were associated with the photosynthetic process
(cemA, clpP, ndhA, ndhC, ndhD, ndhE, ndhF, ndhG, ndhH,
ndhl, petD, petL, psaC, psbM, and ycf4), transcription and
translational process (rpli4, rpli6, rpl22, rpl33, rpoC2,
rps8, rpsl6, rpsl19, and rpl32) and other processes (accD,
ccsA, and matK) (Fig. 4a; Table 2). In addition, the variable
regions of the intron and intergenic regions were 0—0.240
Pi (Fig. 4b). Among these divergence hotspots (>0.100),
the rpl32-trnL region had the highest Pi values (Pi = 0.240)
(Table 2).

&% IMR Press


https://www.imrpress.com

JLB JSB JSA JLA

1,021 4,364 bp 2bi| 1.0240p 1270
Cardamine occulta LE m M
154,796 bp SC (83,836 bp) | IR m m
212
152bpl127bp 2.204bp | ‘371)1) “ss0mp
1,024 bp 4,364 bp 2 br 1,024 bp 135Dbp
“sirory & 7 essnivm
154,797bp  EACCE) M /07938 "P,f / m
7P 7P nd
144bpl13s bp 2,2040p| x7bp \’sm’l’
1,024 bp‘ 4382bp 3 bp‘ 1,023bp

135 bp

17,976 bp) / m
77(177]" |5

2.205bp| bp ,wp 69 bp

Cardamine amaraeformis
155,598 bp L@y m
1pI22

144 bp 13 « bp

1,024 bp | 4355bp 2 bl | 1,024Dp 1121p
Cardamine parviflora & ﬂ
RO s 5> i M / s
o EE
——i
167bpl112 bp 2.204bp | bp 57 bp \ 0bp
1 0291)]) 4,365 bp 21 bp‘ 1,029bp 1131p
Cardamine enneaphyllos & ﬂ
155,221 bp LSC (84,195bp) [ IRb /] / / -
222 ] 7320
16601) 111bp 2, 207bp ;:bp [ 3bp

1,027bp) 4340 bp 158 bp | 1.027bp 106 bp
Cardamine resedifolia
= 5 bp)
72122 | 7 Al “
—— N

173bp[106 bp 2, 207bp ;.n,p »10bp

1,027 bp\ 4,367bp 6bp ‘1 026bp
Cardamine bulbifera & M
155,295bp LS (a7 ) w // VA L&
[Z22 ] 0] =
166bl’111bp 2207bp l4b|) [> 3bp
1,039 bp 4, 1671)[) :1,, | 1,039bp 113bp
Cardamine quinquefolia w
155,009 bp LSC (84,188 bp) M (17 853 bp) // m
1pl22 | |
166bpusz 2.2070p B4bp \* 3bp
1,033 bp| 4,367 bp Sbr| 1.033bp

106 bp

Cardamine impatiens . = &
155,611 bp LSC (84,710bp) | Rb  // /(17,949 bp) / m
0122 [ 2{20 212 nth prid]
173";;6 bp 2, 207 bp | ubp \*101-'1)
1,027 b]) 4,367 bp 5 bl 1 0‘77bp

113bp

Cardamine glanduligera & M
153,828 bp . m / / m

166b|)uwp 2,207bp] m,p \ 3bp
1,027bp| 4,367 bp "-'l‘ 1.027bp L0sbp
Cardamine macrophylla - 3 / &/ /
e 9
155,393 bp LSC (84 4) bp) | IR ﬂ-
2 b
173 l’l’ 106bp 2, zo7bp x.n,p I 10bp

1,027Dbp) 4,013 bp 5bp ‘ 1,027bp

112 bp
Cardamine oligosperma &
153,888 bp LSC (83,194 bp) | IRb / / S(
[z22 5] (7]
157bp nsz 2, 207bp x.u,p > 4bp
1,027 bp | 4.358bp Sbp ‘ 1,027bp 106bp
Cardamine hirsuta & d
153,934bp Mm /@Mh s
22 [712]
167 bp usz 2, 207 bp ‘14 bp \’ 4bp
1,027 bp | 4:367bp Sby| 1.027bp 114'-'1'
Cardamine pentaphyllos
o ! LSC (84,573 bp) 17,935 bp) m
155,560 bp e / ”M__ /
165 bp Ipr 2, 207bp u bp \* 2bp
1,027bp) 4,367 bp 5 bp | 1.027bp 114bp
Cardamine kitaibelii E M
rpIZZ E. m |
lﬁ‘bpnwp 2, 707])]) ><1,I, NS 2bp

Fig. 2. Evaluation of the large single-copy (LSC), small single-copy (SSC), and inverted repeat (IR) border regions of fifteen
species of Cardamine genera chloroplast genomes. V¥ indicates a pseudogene. The figure is not drawn to scale.

@B IMR Press 5


https://www.imrpress.com

rpoB pshbC
psbA  matK rps16 psbK atpA atpFatpH  rps2 rpoC2 rpoC1 petN psbD psbZ  psaB
e <= )) 4 <mam ) 4 -— [
| sbM p.
Cardamine occulta
Cardamine fallax =
Cardamine amaraeformis
ardamine parviflora
Cardamme enneaphylios
damine resedifolia
U reiamine bubiera [
Cardamine quinguefolia
ardamine im| auens
Gardaming Glandiige
Cardamine acrophyila
Cardamine oligosperma
Card; hyilo
-ardamine penri;’::a;l/b E’:;ﬁ ; . ; ; ; ; ; ; .
ok 4k 8k 12k 16k 20k 24k 28k 32k 36k
psaA atpB pst
- psbJ 4 b5
psaB ycf3  rps4 ndhJ ndhC atpE rbcL  accD psal cemA pst petG rpl33pl20 clpP  PSBB psbN petB petD
<= — <<= - — ) ) D = “qa ) 20D A m— > m—r-
petlPSaJp sfH I
Cardamine occulta
Cardamine fallax
Cardamire amalaefoﬁmls
Cardamme  enneaphylios
mine resedifolia =
Y amine buibitara
Cardamine quinguefolia
Cardamine impatiens
Cardamine gianduigera
Gardamine macrophylla
Cardamine oligosperma
Cardarming pentaphylios
Kitaibelii -
T T T T T T T T T T
40k 44k 48k 52k 56k 60k 64k 68k 72k 76k
pl22
-
1poA rpl36rpl14 ps3  pl2 ycf2 ndhB  rps7 yef1 rps15
«1{ o g g - Db
ris1 rjij il 16 | ii ii rﬁ‘ﬁ
Cardamine occulta
Cardamine fallax
Cardgmitie amaraefor
mine panafiora
Cardamine ennbaphylios
Cardamine resedifolia
Cardamine bulbifera
Cargamine quinguefolia
Cardamine impatiens
Cardamine glanduligera
CGardamine macrophyila
Cardamine oligosperma
Cardamine hirsuta
o aphylios
Erdarhine Ruatoein
80k 84k 88k 92k 96k 100k 104k 108k 112k 116k
= gene ndhA ycft pl2
— —
H exon ndhH ndhl ndhE ndhD ccsA rpl32  ndhF rps7 ndhB yef2 pI23
CNS > B P (> ey 2

HIl I B N

Cardamme occulta

Cardamine fallax

Cardamme amaraeformls
ine.

parviflora

Caraming ennbaphylios

Cardamine bulbifera

Cardamine quinguefolia
-ardamine impatiens

Cardamme glanduligera
e

acrophylla

Eirtaming ansosteima
Cardamine

jrsuta

Cardamine pentaphyio:

Cardamine kllalbelll

100%
0%

1ll6k 120k 124k 128k 132k

136k 140k 144k 148k 152k
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gene. A 70% cut-off was used for the plots. The y-axis denotes a percent identity of between 50 and 100%, and the red and blue areas

imply intergenic and genic regions, respectively.

3.5 Synonymous (Ks) and Non-Synonymous (K,)
Substitution Rate Analysis

Synonymous and non-synonymous substitution rates
were calculated for 74 protein-coding genes of fifteen Car-
damine genera cp genomes. The Ka/Kg ratio of most of
the protein-coding all the genes was less than 1, except for
the protein-coding genes: accD ranged from 0 to 1.3235,
atpB (0-1.107), ccsA (0-1.130), cemA (0-1.162), matK (0—
1.85), ndh4 (0-1.175), ndhD (0-1.25), ndhG (0-1.312),
ndhl (0-1.22), petd (0-1.25), petD (0-2.61), rpsi6 (0—
1.96) and ycf2 (0-2.43). The average ratio of each protein-
coding gene for all fifteen Cardamine species was calcu-
lated individually and plotted in Fig. 5.

3.6 Selective Pressure Events in the cp Genome of
Cardamine Genera

The selective pressure of thirteen protein-coding
genes, such as four NADH-dehydrogenase subunit genes
(ndhA, ndhD, ndhG, and ndhl), two subunits of cytochrome
(petA and petD), one ribosome small subunit genes (7ps16),

one subunit of ATP synthase (atpB), and accD, ccsA4, cemA,
matK, and ycf2 of fifteen species of Cardamine genera were
analyzed based on the substitution rate. If the substitution
rate is > 1.0 of the individual protein-coding genes between
two cp genomes or all the genomes, these genes are con-
sidered as under positive selection. The wo values of thir-
teen genes ranged from 1.0-234.47818 in the M2a model
(Supplementary Table 3). Furthermore, Bayes empiri-
cal Bayes (BEB) analysis was applied to evaluate the loca-
tion of the consistent selective sites in the thirteen protein-
coding genes using M7 vs. M8 model and identified that
seven sites under potentially positive selection in the four
protein-coding genes (ccsA — 2; matK — 2; ndhF — 2 and
petA — 1) with posterior probabilities more than 0.95 and
22 sites (cesA — 2; cemA — 1; matK — 1; ndhA — 2; ndhF —
2; ndhG — 1; ndhl — 10; petA — 1; petD — 1; ycf2 — 2) greater
than 0.99 and the 2ALnL value ranged from 0.328019—
455.6721 (Table 3). On the other hand, the atpB, ndhD,
and rpsl6 did not encode any positively selected sites in
their genes.
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Table 2. Mutational hotspot regions in the fifteen species of the Cardamine cp genomes.

Protein-coding regions  Nucleotide diversity (Pi)  Aligned length (bp) No. of variable sites  IGS & Intron regions  Nucleotide diversity (Pi)  Aligned length (bp) No. of variable sites

Ss3id NI

matK 0.059642 1509 90 trnH-psbK 0.211765 170 36
rps16 0.084388 237 20 trnK-rps16 0.138756 418 58
rpoC2 0.03514 4041 142 rpsl16-trnQ 0.125891 421 53
psbM 0.038095 105 4 trnS-trnG 0.118677 514 61
ndhC 0.030303 363 11 trnG-trnR 0.155405 148 23
accD 0.038298 1410 54 trnR-atpA 0.121107 289 35
yef4 0.030631 555 17 trnE-trnT 0.11 400 44
cemA 0.033333 690 23 psbC-trnS 0.111732 179 20
petL 0.03125 96 3 yef3-trnS 0.112971 239 27
rpl33 0.039801 201 8 trnL-trnF 0.121302 338 41
clpP 0.032149 591 19 trnF-ndhJ 0.156334 371 58
petD 0.037267 483 18 ndhJ-ndhK 0.118812 101 12
rps8 0.032099 405 13 ndhK-ndhC 0.148148 54 8
rpll4 0.03252 369 12 ndhC-trnV 0.12 800 96
rpll6 0.041975 405 17 petG-trnW 0.100775 129 13
rpl22 0.039583 480 19 trnW-trnP 0.144385 187 27
rpsl9 0.039427 279 11 trnP-psaJ 0.131498 327 43
ndhF 0.054807 2226 122 psaJ-rpl33 0.104326 393 41
rpl32 0.056604 159 9 rpl33-rpsi8 0.114833 209 24
ccsA 0.073961 987 73 psbH-petB 0.12782 133 17
ndhD 0.046481 1506 70 petD-rpoA 0.141935 155 22
psaC 0.03252 246 8 rpsll-rpl36 0.150943 106 16
ndhE 0.039216 306 12 rpl36-rps8 0.121212 429 52
ndhG 0.047081 531 25 ndhF-rpl32 0.147826 575 85
ndhl 0.035714 504 18 rpl32-trnL 0.240175 458 110
ndhA 0.034164 1083 37 ccsA-ndhD 0.182692 208 38
ndhH 0.034687 1182 41 ndhl-ndhA 0.130952 84 11
ndhH-rps15 0.107843 102 11
rps15-ycfl 0.155063 316 49
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3.7 Repeat Structure and SSRs Analysis

Repeat sequences were examined in the fifteen Car-
damine plastomes. Six hundred and ninety-one repeat
sequences containing forward, reverse, complement, and
palindromic repeats, were observed among the fifteen Car-
damine plastomes. Three hundred and twenty-two forward
(46.6%) and 327 palindromic repeats (47.3%) are relatively
common among the detected repeats, whereas 21 (3.04%)
of each reverse and complement repeats are comparatively
rare (Fig. 6a). The complement repeats were absent in the
species of C. amaraeformis, C. enneaphyllos, C. hirsuta,
and C. parviflora. Similarly, the reverse repeats were ab-
sent in the C. occulta cp genome. In addition, both reverse
and complement repeats were absent in the C. impatients
and C. oligosperma species. In addition, the length of the
repeats (>30 bp) was analyzed, and the sizes of the re-
peats among the fifteen plastomes varied from 30 to 87 bp.
Most repeats (472; 70.97%) are limited to 30-39 bp in size
(Fig. 6b).

A total of 14,298 simple sequence repeats (SSR) were
identified in the fifteen species of Cardamine cp genomes
with an average of 953 SSRs/genome. The SSRs detected
ranged from 938 (C. parviflora) to 965 (C. macrophylla).
The majority of the SSRs were mononucleotide repeats,
which accounted for 48.87% of SSRs, followed by hex-
anucleotide repeats (~15.28%) and pentanucleotide repeats
(~10.78%), tetranucleotide repeats (~7.46%), trinucleotide
repeats (~6.29%) and dinucleotide repeats (~5.78%) and
other repeat lengths from seven-nucleotide to 10-nucleotide
repeats comprised 5.53% (Fig. 6¢).

3.8 Phylogenetic Analysis

ML and MrBayes analyses were performed separately
to determine the phylogenetic position and distance of C.
occulta precisely. The five individual data sets of a com-
bined total of 68 protein-coding genes, LSC, SSC, and
IR regions and whole-genome of 40 cp genome sequences
were used to imply the phylogenetic relationships between
the closely related species of Brassicaceae. All five of
both ML (Fig. 7; Supplementary Figs. 1-4) and Bayesian
analyses (Supplementary Figs. 5-9) yielded similar trees.
All the phylogenetic tree analyses showed that the species
of Cardamine genera formed a monophyletic group. The
topology of the phylogenetic tree showed that C. occulta
has a close relationship with the species of C. fallax with a
strong bootstrap value (100% for ML and 1.0 for MrBayes)
(Fig. 7). Among the Cardamine clade, C. pentaphyllos
and C. kitaibelii are the basal groups. The Cardamine
clade was divided into two clades; C. bulbifera, C. quin-
quefolia, C. impatiens, C. glanduligera, C. macrophylla, C.
oligosperma, and C. hirsuta formed one clade, and another
clade consisted of C. occulata, C. fallax, C. amaraeformis,
C. parviflora, C. enneaphyllos, and C. resedifolia with a
78% bootstrap value.
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4. Discussion

The species Cardamine occulta is distributed predom-
inantly in Eastern Asia [9]. This species is quite simi-
lar to the European species, C. flexuosa, and is considered
a single species [11] because these two species have not
shown any morphological differences. Since 2006, these
two species have been differentiated based on their ecolog-
ical habitats [9-11,13,14]. Cardamine is a large genus in
the Brassicaceae family of flowering plants that contains
more than 200 species of annuals and perennials [9]. Thus
far, fourteen chloroplast genomes have been sequenced and
analyzed. On the other hand, no extensive and compar-
ative studies of Cardamine genera have been carried out.
Therefore, the present study sequenced the whole plastid
genome of C. occulta using Illumina HiSeq 2500 platform
and characterized the controversial species from South Ko-
rea. Comparative studies were carried out with fourteen
other species of the Cardamine genera. The length of the
complete chloroplast genome sequence of C. occulta is
154,796 bp and contains 131 individual genes, which is in
the range of other species of Cardamine genera. The GC
content of C. occulta is 36.3%, which is similar to all other
species of Cardamine genera, suggesting that the distribu-
tion of the GC contents in the Cardamine cp genomes are
consistent and highly conserved. Although the overall ge-
nomic structure, such as the gene order and gene number
of the C. occulta, is identical to other Cardamine and Bras-
sicaceae species except for the length of the afpB gene in
the C. amaraeformis. The Cardamine plastomes were con-
served, and no rearrangement events were found. All the
species of Cardamine genera lost the protein-coding gene,
initiation factor A (inf4), in their cp genomes. Most of
the angiosperms were lost independently from multiple an-
giosperm lineages, including other species within the Bras-
sicaceae. This gene loss might have been due to an inter-
ruption of the nuclear-encoded DNA replication, recombi-
nation, and repair machinery that controls the cp genome
and the evolution of the plant organelle genome [34].

The results of mVISTA analyses revealed high levels
of similarity among the plastomes, indicating that the diver-
gence of the C. occulta plastome is lower than that in other
species of the Cardamine genera. Furthermore, lower se-
quence divergence in the IR region was detected compared
to SC regions, which has been previously reported [8,35—
37]. One conceivable reason is that in the cp genome, which
has multiple copies per cell, gene conversion with a slight
bias in the contradiction of new mutations would reduce the
mutation load in the two IR regions much more competently
than in the single-copy regions because of the duplicative
characteristics of the IRs [38—41]. The expansion and con-
traction of the IR and single-copy convergence regions are
considered the leading mechanism in driving the variation
in the size of angiosperm plastomes, playing a vital role in
their evolution [38,42—44]. The present study did not iden-
tify any significant expansion and shrinkage in the IR/SC
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Table 3. Comparison of likelihood ratio test (LRT) statistics of positive selection models against their null models (2ALnL) for
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fifteen species of Cardamine genera.

Protein-coding genes ~ Comparison between models 2ALnL df. p-value
MO vs M3 3883652 4  0.421980775
- M1 vs M2A 0472744 2 0.789486930
ap M7 vs M8 1.856066 2 0.395330561
M8a vs M8 0473268 1 0.491487565
MO vs M3 99613282 4 0
) M1 vs M2A 73.543134 2 0
ces M7 vs M8 77341918 2 0
MSa vs M8 73.073330 1 0
MO vs M3 85.525976 4 0
y MI vs M2A 85.526090 2 0
cem M7 vs M8 85.531562 2 0
M8a vs M8 85.538130 1 0
MO vs M3 43252730 4 0
tK MI vs M2A 11527882 2 0.003138718
ma M7 vs M8 77505199 2 0.020748942
MS8a vs M8 73216859 1 0.006812747
MO vs M3 81.093012 4 0
" M1 vs M2A 81.093202 2 0
" M7 vs M8 81.104690 2 0
M8a vs M8 81.113370 1 0
MO vs M3 5764528 4 0217437134
M1 vs M2A 0 2 1.0
ndhD M7 vs M8 0328019 2 0.848733535
M8a vs M8 0.037706 1 0.846034685
MO vs M3 42.00404 4 0.000000017
I MI vs M2A 1427694 2 0.000793965
" M7 vs M8 14.85864 2 0.000593592
MSa vs M8 1424146 1 0.000160789
MO vs M3 7171579 4 0
e M1 vs M2A 64.05478 2 0
" M7 vs M8 3171765 2 0.000000130
M8a vs M8 2972069 1 0.000000050
MO vs M3 696.4341 4 0
M1 vs M2A 619.6289 2 0
ndhl
M7 vs M8 4556721 2 0
M8a vs M8 4557377 1 0
MO vs M3 93.69115 4 0
9 M1 vs M2A 93.73442 2 0
pe M7 vs M8 89.69042 2 0
MSa vs M8 88.736632 1 0
MO vs M3 42.008744 4 0.000000017
D M1 vs M2A 18.072960 2 0.000118990
pe M7 vs M8 28.667442 2 0.000000596
M8a vs M8 18.07296 1 0.000021260
MO vs M3 2750450 4 0.600415820
P M1 vs M2A 1.880814 2 0.390468882
Ps M7 vs M8 2010804 2 0.365897514
M8a vs M8 1.879698 1 0.170368476
MO vs M3 25882614 4 0.000033417
y M1 vs M2A 20461022 2 0.000036053
of2 M7 vs M8 18.727454 2 0.000085780
MSa vs M8 17756692 1 0.000025103
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Fig. 6. Comparison of the distribution of different repeat types and SSRs in the fifteen species of Cardamine cp genomes. (A) The

number of different types of repeats. F—forward repeats; R—Reverse repeats; P— palindromic repeats; C—complement repeats. (B)

The length and the total number of repeat sequences present in their respective cp genomes. (C) Distribution of different types of SSRs.

regions. Previous studies reported that the size of the whole
cp genome does not always vary with the expansion or con-
traction of IRs [45-50].

Comparative studies of the fifteen Cardamine cp
genome sequences revealed several regions of sequence
polymorphisms. Among these polymorphisms, most of the
sequence variations were dispersed in the LSC and SSC re-
gions, whereas the IR regions displayed relatively lower se-
quence variations. The lower sequence divergence of the IR
region compared to the SC regions in Cardamine species
and other plants may be due to a copy correction among
the IR sequences during gene conversion. Gene muta-
tions and rearrangements in the cp genome are not ex-
hibited constantly throughout the genome sequence. In-
stead, identifying the hypervariable regions in the chloro-
plast genome is considered the hotspot region that serves as
specific molecular markers [51]. The present study iden-
tified 27 protein-coding and 29 intron and intergenic hy-
pervariable regions. Among these, the maximum hyper-
variable regions, such as the protein-coding genes (>0.050;
ccsA, matK, ndhF, rpsl6, and rpl32) and intron and inter-
genic regions (>0.150; rp/32-trnL, trnH-psbK, trnG-trnR,
trnF-ndhJ, rpll-rpl36, and rpsi5-ycfI) could be used as a
DNA barcoding and molecular phylogenetic studies in the
Cardamine clade (Table 2).

This study analyzed the substitution rate in the fif-
teen species of the Cardamine genera. C. occulta was
used as a reference genome in the present study and com-
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pared with other cp genomes. Initially, the substitution
rates of all the individual protein-coding genes of fifteen
species of Cardamine genera were averaged. The results
showed that the ratio of the Ka/Kg rate of all the protein-
coding genes was less than 1. In addition, the synony-
mous and non-synonymous substitution for all the protein-
coding genes was analyzed individually (Fig. 5a,b). The
results showed that IR regions had low substitution rate
than the SC regions. Furthermore, these genes are con-
sidered as being under positive selection if the Ka/Ks (w)
rate ratio is >1.0 of individual protein-coding genes be-
tween the two cp genomes or all the genomes. Therefore,
this study identified thirteen protein-coding genes of fifteen
species of Cardamine genera that were under selective pres-
sure events: accD, atpB, ccsA, cemA, matK, ndhA, ndhD,
ndhG, ndhl, petA, petD, rpsi6, and ycf2. In the selective
pressure events, six types of photosynthesis/transcription
and translation-related gene groups were categorized: (1)
Subunits of ATP synthase (a#pB); (2) Chloroplast envelope
membrane protein (cemA); (3) Subunits of NADH dehy-
drogenase (ndhA, ndhD, ndhG, and ndhl); (4) Subunits of
cytochrome b/f complex (petd and petD); (5) One small
subunit of the ribosomal gene (rpsi6); (6) Other genes,
such as a maturase gene (matK), a subunit of the acetyl-
coA gene (accD), cytochrome synthesis gene (ccs4), and
unknown function gene (ycf2). This variation from unity
was attributed to indel and amino acid substitution events
in the protein-coding genes of Cardamine species. Hence,
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Fig. 7. Molecular phylogenetic tree based on 68 protein-coding genes of 40 Brassicales chloroplast genomes. lonopsidium acaule

and Cochlearia tridactylites were set as the outgroup. The tree was constructed by maximum likelihood analysis of the conserved regions

using the RAXML program and the GTRGAMMA nucleotide model. The stability of each tree node was tested by bootstrap analysis with

1000 replicates. The bootstrap values are shown on the branches, and the branch length reflects the estimated number of substitutions

per 1000 sites.

selective analysis of the exons of thirteen protein-coding
genes across the publicly available Cardamine chloroplast
genomes was performed to understand the selective pres-
sure events using site-specific models with four comparison
models and LRT values. The positive selective model, M2a,
showed that the w, values of seven genes ranged from 1.0—
234.47818 (Supplementary Table 3). Furthermore, BEB
analysis showed that seven sites are under potentially posi-
tive selection in the four protein-coding genes (ccs4, matK,
ndhF, and petA) with posterior probabilities of more than
0.95 and 22 sites greater than 0.99 (Table 3). Neverthe-
less, no positively selected sites could be determined in the
atpB, ndhD, and rps16 genes even though some Cardamine
species have higher w values. Overall, the nucleotide diver-
sity results show that hotspot mutations in the 11 protein-
coding genes (accD, atpB, ccsA, cemA, matK, ndhA, ndhD,
ndhG, ndhl, petD, and rpsl6) were acquired at a signifi-
cantly higher rate than expected under neutrality, suggest-
ing that the hotspot mutations are the result of positive se-
lection. The occurrence of hotspot mutation is strong ev-
idence of positive selection, showing that the substitution
of a specific amino acid offers an adaptive benefit under
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specific conditions [52,53]. Previous studies reported that
the highly positive selection genes could play a major role
in the plant genetic system or photosynthesis process [54—
58]. Moreover, the thirteen genes of the fifteen species of
the Cardamine genera have undergone positive selection,
which might be the consequence of adaptation to their di-
verse habitats. Finally, highly variable regions of both cod-
ing and non-coding and thirteen protein-coding genes that
were discovered to be under positive selection in the fif-
teen species of the Cardamine genome could be used to pro-
duce potential molecular markers for phylogenetic/genomic
studies or candidates for DNA barcoding in future studies.

The repeat units were distributed with high frequency
and played a substantial role in the chloroplast genome
evolution [59-62]. The repeat types of the fifteen Car-
damine plastomes comprised a variable number in their
genomes. Liu e al. [60] reported that the variation in
number and variety of repeats play a significant role in the
plastome structural organization, but there was no correla-
tion between these large repeat regions and rearrangement
endpoints. In addition, microsatellite repeats are primar-
ily present in the plastomes, which exhibit a high level of
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polymorphism and are used as a molecular marker in ge-
netic studies [63,64]. Simple sequence repeats (SSRs) play
a major role during genome rearrangement and recombina-
tion [65]. The content of different SSRs and their distri-
bution on various chloroplast regions were similar in their
Cardamine species. The distribution of SSRs in the Car-
damine plastome does not involve any genome rearrange-
ment process. On the other hand, the existence of repeat
sequences in the cp genome of Cardamine genera could be
helpful for developing lineage-specific markers for genetic
diversity and evolutionary studies.

The whole chloroplast genome of the plant offers a
significant foundation to resolve the evolutionary, taxo-
nomic, and phylogenetic studies [58,66—71]. The molec-
ular phylogenetic analysis of both ML and Bayesian anal-
yses in the current study showed that the species of Car-
damine formed a monophyletic clade. The Cardamine
clade is subdivided into two clades, and the species C. oc-
culta is clustered with C. fallax with a substantial bootstrap
value. On the other hand, the cytogenetic studies showed
that the tetraploidy C. scutata (Diploid species C. amarae-
formis and C. parviflora as the parents) and C. kokaiensis
(Diploid species C. parviflora as the parent) are the parental
for C. occulta [9,11,17]. In contrast, the diploid species C.
amaraeformis and C. hirsuta are the parental species for
C. flexuosa [9]. Moreover, the C. fallax was implied to be
hexaploidy. Based on the DNA sequence data of C. fallax,
it was postulated that this species or its diploid progenitors
might have influenced the origin of C. occulta. Neverthe-
less, the cp genomes of C. flexuosa (European species), C.
kokaiensis, and C. scutata need to be included to understand
the phylogenetic position and their relationship with other
Cardamine genera in future studies.

5. Conclusions

The complete chloroplast genome Cardamine occulta
was sequenced, assembled, and analyzed in the present
study. Valuable genomic resources were provided for Car-
damine genera. Overall, the gene contents and arrange-
ments were similar and highly conserved in the species of
the Cardamine genera. Comparative analyses of the chloro-
plast genomes identified variable regions with potential ap-
plication as species-specific DNA barcodes. Furthermore,
thirteen protein-coding genes have diverged widely and un-
der potentially positive selection, resulting from adaptation
to the ecosystem. Finally, phylogenetic analyses of vari-
ous cp data sets of both ML and Bayesian analyses show
that C. occulta species has a closer genetic relationship to
C. fallax. In conclusion, this study will facilitate future re-
search, particularly resolving the controversial Cardamine
clade. Nevertheless, in future studies, the cp genome of C.
[flexuosa (European species), C. kokaiensis, and C. scutata
needs to be incorporated to understand the phylogenetic po-
sition and their relationship with C. occulta.
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