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ABSTRACT

Structure evolution and diversification of the organelle

genomes in Carex (Cyperaceae)

Jieun Lee
Department of Biology
Graduate School of

Sungshin University

This study analyzes the chloroplast genomes of 10 Carex species
and the mitochondrial genome of C. pseudochinensis to investigate the
structural evolution and phylogenetic relationships within Carex, the
largest genus in the Cyperaceae. Chapter 1 discusses the need to

integrate morphological and molecular phylogenetic classifications to



address the complex taxonomy of Carex. With approximately 2,000
species, Carex presents classification challenges due to high
morphological similarity among species, which limits the effectiveness of
traditional classification methods. As molecular phylogenetic approaches
gain recognition for their objectivity, this study emphasizes the need for
a combined approach that incorporates both morphological and molecular
data. In particular, the Carex genome contains numerous repetitive
sequences that cause frequent structural rearrangements, complicating
genome assembly and analysis. To accurately analyze these complex
structural variations, the use of long—read sequencing technology, such
as next generation sequencing (NGS), is essential. Therefore, this study
employs NGS data to assemble Carex plant organelle genomes and
compares structural variations among Carex and related taxa within
Poales. Chapter 2 reveals that Carex chloroplast genomes exhibit low GC
content and frequent rearrangements due to numerous short and long
repeat sequences, resulting in genomic instability. Synteny analysis
identified structural variations among Carex, while phylogenomic analysis
suggests a potential association between these structural variations and
certain morphological traits, such as the presence of bisexual spikes.

Chapter 3 describes the assembly of the mitochondrial genome of the

11



Korean endemic species C. pseudochinensis using POLAP and its
structural comparison with C. breviculmis, confirming the high structural
plasticity of the Carex mitochondrial genome. These findings provide
essential foundational data for future studies on Carex mitochondrial
genomes and contribute to a deeper understanding of evolutionary

adaptation and structural diversity within Cyperaceae.
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1. Introduction

The Cyperaceae (sedges), a family within the Poales,
encompasses approximately 88 genera and over 5,600 species globally,
making it the third—largest family among monocots (Fig. 1.1; The
Angiosperm Phylogeny Group, 2016; Sokoloff et al., 2018; Govaerts et
al., 2021). With its extensive range of habitats and geographical
distribution, Cyperaceae holds a significant position in ecological and
evolutionary studies (Simpson & Inglis, 2001; Spalink et al., 2016,
2018). The family is particularly notable for its unique adaptive traits,
such as the independent origins of C4 photosynthesis pathways and the
presence of holocentric chromosomes, enabling rapid adaptation to
diverse environments (Besnard et al., 2009; Melters et al., 2012;
Marquez—Corro et al., 2019, 2021).

Carex L., the largest genus within Cyperaceae, consists of more
than 2,000 species worldwide and has been a focal point of taxonomic
studies due to its remarkable morphological diversity (Hipp, 2007).
Taxonomic investigations in Northeast Asia date back to early studies by
Kiikenthal (1909, 1935, 1936), Kreczetovicz (1935), Ohwi (1936, 1944),

Akiyama (1955), and Koyama (1961, 1962). Kiikenthal (1909) proposed
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a comprehensive classification framework for Caricoideae, including
Carex, based on characteristics such as the arrangement of pistillate and
staminate spikelets, the presence or absence of pedicels, and the shape
of the perigynium. These morphological markers became foundational for
later taxonomic studies. Subsequent researchers, including Egorova
(1999), Dai et al. (2010), and Hoshino et al. (2011), refined this
framework to establish a modern classification system for Carex.

Cyperaceae is characterized by its unique inflorescence
structures, which differ significantly from conventional floral
arrangements and are considered adaptive responses to diverse
environmental pressures. Most species within Cyperaceae exhibit
unisexual flowers arranged as staminate or pistillate spikelets. Key
taxonomic features include the perigynium and achene morphology, as
well as leaves arranged in three ranks and stems with triangular cross—
sections (Mohlenbrock & Nelson, 1999; Yang, 2014). However,
convergent evolution and phenotypic variability pose challenges to
taxonomic differentiation, necessitating molecular phylogenetic
approaches (Naczi, 2009).

The Global Carex Group (2016) represents one of the earliest

molecular studies on Carex. This study used Sanger sequencing to
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analyze nuclear ribosomal ITS and ETS regions, along with the plastid
matK gene, and included a vast dataset of 996 species, representing
50.23% of the genus. While the study proposed phylogenetic hypotheses
largely consistent with previous morphological classifications, it failed to
resolve certain relationships, such as those involving the Caricoid clade.

Villaverde et al. (2020) adopted the HybSeq (anchored hybrid
enrichment sequencing) approach to provide greater clarity in resolving
phylogenetic relationships within Carex. Using a Cyperaceae —specific
HybSeq bait kit, they analyzed 308 nuclear exons, 543 nuclear introns,
and 66 plastid exons. Villaverde et al. (2020) included 88 species of
Carex and a total of 100 taxa, leading to the identification of six major
lineages: Siderostictae, Schoenoxiphium, Unispicate, Uncinia, Vignea, and
Core Carex.

Finally, Roalson et al. (2021) synthesized findings from The
Global Carex Group (2016), Villaverde et al. (2020) and considered
morphological data to propose a new classification framework, dividing
Carex into six subgenera: Siderosticta, Psyllophorae, Euthyceras,

Uncinia, Vignea, and Carex (Fig. 1.2).
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Fig. 1.1. Position of monocots in the angiosperm phylogenetic tree (A),
and position of Cyperaceae in Poales (B). Topologies are summarized
from The Angiosperm Phylogeny Group (2016) and Sokoloff et al.

(2018).
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Fig. 1.2. New classification system of Carex based on the phylogenetic
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In this study, the chloroplast genomes of 10 Carex species and
the mitochondrial genome of one species were assembled and analyzed
using next—generation sequencing (NGS) technology (Table 1.1). The
chloroplast genomes of Carex are characterized by an exceptionally high
abundance of repetitive sequences, which pose significant challenges
during genome assembly (Wu et al., 2024). To overcome these
challenges, long—read data were employed to ensure accuracy in
assembly. By analyzing syntenic blocks—conserved homologous regions
within the genome that include coding sequences, introns, and non—
coding regions—this study integrates structural variation into
phylogenetic analyses. This approach offers a broader framework for
understanding evolutionary relationships within Carex, expanding upon
previous studies that primarily focused on specific genes or intergenic
regions, such as ITS and ETS. By encompassing genome —wide structural
changes and phylogenetic patterns, this methodology advances research
on chloroplast genomes in Carex, providing deeper insights into

Cyperaceae and Poales.

The unique genomic features observed in Carex chloroplast
genomes may also extend to their mitochondrial genomes. However,

mitochondrial genome studies in Carex remain extremely limited, with
—_ 6 —



only a single species analyzed to date (Xu et al., 2023b). Seeking to
bridge this research gap, this study newly analyzes the mitochondrial
genome of Carex and explores its structural features and evolutionary
relationships within Poales. These efforts aim to expand our
understanding of mitochondrial genome evolution and promote further

research on Carex and related taxa within Poales.



Table 1.1 Information on the 11 Carex species used in this study

Index  Carex subgenus *

Species

Collector No. / Voucher No.

1 L. subg. Siderosticta

2 V. subg. Vignea

3 V. subg. Vignea

4 VL. subg. Carex

5 VI. subg. Carex

6 VI. subg. Carex

7 VL. subg. Carex

8 VI. subg. Carex

9 V1. subg. Carex

10 V

—_

. subg. Carex

11 VI. subg. Carex

Carex siderosticta Hance

Carex paxii Kiik.

Carex duriuscula C.A Mey

Carex bostrychostigma Maxim.

Carex eapricornis Meinsh. ex Maxim.
Carex dickinsii Franch. & Sav.

Carex cinerascens Kik.

Carex laticeps C.B.Clarke ex Franch.
Carex breviculmis R.Br.

Carex peiktusani Kom.

Carex pseudochinensis H. Lév. & Vaniot b

Y. Cho s. n., SWU0036866

Y. Chos. n., SWU0036903

Y. Oh & C. Lee s. n.,, SWU0001081

H. Moon 2022-418, SWU0060300

Y. Cho 2022-055, SWU0054311

Y. Cho 2022-037, SWU0054291

Y. Cho 2022-045, SWU0054302

J.-E. Lee 2021-002, SWU0039760

8. Kim 2019-005, SWU0029244

Y. Cho s. n., SWU0036865

Y. Cho s. n., SWU0036913

a : Subgeneric classification follows Roalson et al. (2021)

b : Korean endemic species

Index 1-10: Species included in the chloroplast genome study
Index 11: Species included in the mitochondrial genome study



2. Carex chloroplast genome

2.1. Introduction

Chloroplasts are organelles found in plants and algae, playing a
central role in the conversion of solar energy into chemical energy
through photosynthesis. This function is facilitated by chlorophyll and
other photosynthetic pigments, which absorb light energy and drive the
photosynthetic process (Sugiura, 2003; Lopez—Juez & Pyke, 2005). In
addition to their role in photosynthesis, chloroplasts possess their own
DNA, supporting the theory of endosymbiosis alongside mitochondria
(Keeling, 2010). They also contribute to various metabolic pathways,
including nitrogen metabolism, amino acid biosynthesis, and lipid
synthesis, further emphasizing their importance in plant physiology
(Daniell et al., 2016).

The chloroplast genome is generally considered more stable than
nuclear and mitochondrial genomes due to its relatively small size
(approximately 120-160 kb), circular structure, and quadripartite
organization. This organization consists of a large single—copy region
(LSC), a small single—copy region (SSC), and two identical inverted

repeats (IRa, IRb) (Wicke et al., 2011; Mower & Vickrey, 2018).
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Notably, the IR regions house ribosomal RNA genes (rrnl6, rrn23,
rrn4.5, rrnd), approximately seven protein—coding genes (rp/2 rpl23,
ndhB, rps7, rps12, ycf2, and part of ycfl), and several tRNA genes.
These components promote homologous recombination for DNA repair
and regulate gene expression, contributing to the overall stability of the
chloroplast genome (Mower et al., 2018; Wu et al., 2024). IR is known as
a key factor in enhancing the stability of chloroplast genomes, but it does
not guarantee stability in all cases. For instance, studies on legumes and
cedars have shown that IR loss induces genome rearrangements,
whereas cases in families like Oleaceae and Geraniaceae (e.g., Erodium
and Pelargonium) have reported genome rearrangements even in the
presence of IRs (Palmer & Thompson, 1982; Lee et al., 2007; Blazier et
al., 2016; Chumley et al., 2006; Weng et al., 2014; Zhu et al., 2016).
Instead, repetitive sequences such as short dispersed repeats
(SDR) are identified as the main cause of genome instability. Chloroplast
genomes with high levels of repetitive sequences are prone to increased
illegitimate recombination, resulting in genome rearrangements, IR
boundary shifts, and gene duplications or deletions. Carex chloroplast
genome 1s characterized by a high abundance of both short dispersed

repeats (SDR) and numerous long repeat sequences, contributing to a



complexity comparable to that of mitochondrial or nuclear genomes (Xu
et al., 2023a). For instance, the chloroplast genome of Carex siderosticta
contains 2,718 dispersed repeat sequences, many of which exceed 1 kb
in length (Wu et al., 2024). These long repeat sequences provide
homologous sequences for recombination—dependent replication,
potentially inducing chloroplast heteroplasmy and significantly impacting
chloroplast genome diversity and evolution. This suggests that repeat
sequences are a major cause of structural instability in the chloroplast
genome (Saxena et al., 2014).

In this study, 10 Carex species native to Korea were selected
based on the latest classification system (Table 1.1; Index 1—10), and
their chloroplast genomes were sequenced using NGS technology.
Additionally, structural variation patterns in the chloroplast genomes of
Cyperaceae within Poales were examined, and a synteny analysis was
incorporated into the phylogenetic analysis to explore the evolutionary

traits and genomic diversity within Carex and its related taxa.



2.2. Matrerials and methods

2.2.1. Plant materials

In this study, 10 Carex species native to Korea (Table 1.1; Index 1-10)
were selected based on the new classification system established by
Roalson et al. (2021), and voucher specimens were deposited at the
Sungshin Women’ s University Herbarium (Figs. 2.1-2.10). Species
identification was conducted using the recently published Korean

Cyperaceae manuals (Cho et al., 2016).
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Fig. 2.1. The voucher specimen of C. siderosticta used in this study
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Fig. 2.2. The voucher specimen of C. paxii used in this study
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Fig. 2.3. The voucher specimen of C. duriuscula used in this study

(SWU0001081)
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Fig. 2.4. The voucher specimen of C. bostrychostigma used in this study

(SWU0060300)
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2.2.2. DNA extraction and sequencing

DNA was extracted using the High—Molecular—Weight (HMW)
DNA extraction method (Kang et al., 2023), optimized for obtaining long
DNA fragment. The concentration and quality of the extracted DNA were
measured using Nanodrop (Thermo Fisher Scientific, Massachusetts)
and Qubit (Introgen, Massachusetts) systems, and the DNA fragment
length was verified using the FEMTO Pulse system (Agilent
Technologies).

Long—read sequencing data were generated using the Nanopore
MinION instrument with R9 version flow cells and the SQK—-LSK109
library preparation kit (Oxford Nanopore Technologies, Oxford). Short—
read sequencing data were generated on either the Illumina platform
using the NovaSeq 6000 S4 instrument with the TruSeq Nano DNA Kit
(Illumina, San Diego) or the BGISEQ platform using the MGISEQ—

2000RS instrument with the MGIEasy DNA Library Prep Kit (MGI).

2.2.3. Chloroplast genome assembly and polishing
The chloroplast genome assembly of Carex were performed using
the ptGAUL pipeline (v1.0.5; Zhou et al., 2023) with long—read

sequencing data. The —g option, which specifies the Carex chloroplast



genome size, was set to 21000, while all other options remained at their
default settings. For cases where assembly with the ptGAUL pipeline
proved challenging, reassembly was conducted using the Plant
Organelle—Genome Long—Read Assembly Pipeline (POLAP)
(https://github.com/goshng/polap).

Following the chloroplast genome assembly using either the
ptGAUL or POLAP, circular DNA sequences were extracted from the
assembly graph using Bandage software (v0.8.1; Wick et al., 2015). To
improve the accuracy and completeness of chloroplast genomes, the

extracted draft sequences were polished with short—read data using

FMLRC (v1.0.0; Mak et al., 2023; Zhou et al., 2023).

2.2.4. Chloroplast genome annotation

Chloroplast genome annotation were performed using the GeSeq
tool (v2.03; Tillich et al., 2017), referencing chloroplast genome
sequences from 16 Carex species downloaded from NCBI on February 7,
2024 (Table 2.1). Protein—coding genes were annotated using translated
BLAT (Kent, 2002), while rRNA and tRNA genes were annotated with
nucleotide BLAT (Kent, 2002). tRNA genes were additionally annotated

using tRNAscan—SE (v2.0.7; Chan, 2019). For transfer RNA and



transfer—messenger RNA gene annotations, ARAGORN (v1.2.38; Laslett
& Canback, 2004) was utilized with the setting ‘Bacterial/Plant
Chloroplast.” CDS and rRNA genes were annotated with HMMER profile
searches (v3.4; Finn et al., 2011), and certain genes received further
validation using the Chloé tool (v0.1.0; https://github.com/ian—

small/Chloe.jl).



Table 2.1 Reference genomes used for annotation, including chloroplast

genome sequences from 16 Carex species, downloaded from NCBI on

February 7, 2024

Family GenBank no. Species

Cyperaceae MT795185.1 Carex agglomerata C.B.Clarke
Cyperaceae OL674104.1 Carex alatauensis S.R.Zhang
Cyperaceae OP764679.1 Carex breviculmis R.Br.

Cyperaceae OL674105.1 Carex capillifolia (Decne.) S.R.Zhang
Cyperaceae 0K539703.1 Carex gibba Wahlenb.

Cyperaceae ON964521.1 Carex giraldiana Kik.

Cyperaceae 0OL674106.1 Carex kokanica (Regel) S.R.Zhang
Cyperaceae MZ3846224.1 Carex laevissima Nakai

Cyperaceae ON920464.1 Carex lithophila Turcz.

Cyperaceae OL674107.1 Carex microglochin Wahlenb.
Cyperaceae MZ962720.1 Carex myosuroides Vill.

Cyperaceae KU238086.1 Carex neurocarpa Maxim.

Cyperaceae OL674108.1 Carex sargentiana (Hemsl.) S.R.Zhang
Cyperaceae ON920465.1 Carex siderosticta Hance

Cyperaceae OK539704.1 Carex sp. SCSB-B-000526
Cyperaceae ON682441.1 Carex littledalei (C.B.Clarke) S.R.Zhang




2.2.5. Assembly validation

To verify the completeness and accuracy of the chloroplast
genome sequences, long—read and short—read data were mapped to the
assembled sequences using SAMtools (Li et al., 2009), and the mapping
results were visualized with Geneious Prime (v2024.0.5; Kearse et al.,

2012).

2.2.6. Identification of repetitive sequences

The repeat sequences in the chloroplast genomes of Carex were
analyzed using the web—based version of REPuter software (Kurtz et al.,
2001). For the chloroplast genome, one copy of the inverted repeat (IR)
region was removed before repeat analysis to avoid redundancy. REPuter
identified forward, reverse, complement, and palindromic repeats within
chloroplast genomes, with the maximum number of repeats set to 5,000,
the upper limit of the software. The minimum repeat length was set to 30
bp, and the Hamming distance was configured to 3, ensuring over 90%

sequence identity.



2.2.7. Comparison of the chloroplast genome structure in Poales

In Poales, Typhaceae occupies an early branching position, while
Cyperaceae is positioned later in the phylogeny, indicating a more
derived evolutionary status. Cyperaceae is also closely related to
Juncaceae and is grouped with several other families within the 'Cyperid
clade' (Fig. 1.1B). Based on this phylogenetic positioning, pairwise dot—
plot analysis was performed using UGENE (v47.0; Okonechnikov et al.,
2012) to directly visualize structural differences between chloroplast
genomes and explore evolutionary changes from Typhaceae to
Cyperaceae within Poales. Dot—plot analysis was performed with a
minimum repeat length of 100 bp and a repeat identity threshold of 90%.
To further explore the structural relationships and conserved sequences
across multiple genomes, multiple alignments were performed using
progressiveMAUVE (v.1.1.3; Darling et al., 2010), embedded in Geneious
Prime. Prior to alignment, one inverted repeat (IR) region was removed
from each chloroplast genome to avoid redundancy. The Match Seed
weight was set to the default value of 15, and the Min LCB weight was
adjusted to 1500 to capture major structural similarities and differences.
Representative species from Typhaceae, Eriocaulaceae, and Poaceae

were selected, along with three species from Juncaceae, the sister group



of Cyperaceae, were included, resulting in a total of 16 species analyzed.
Species selection was based on phylogenetic relationships provided by
the Angiosperm Phylogeny Website v14

(http://www.mobot.org/MOBOT/research/APweb/) (Table 2.2).



Table 2.2. Representative species selected for chloroplast genome

comparison in Poales (16 species)

Family GenBank no. Species

Typhaceae NC 013823 Tipha latifolia L.

Eriocaulaceae NC 031333 Eriocaulon buergerianum Korn.
Poaceae NC 042211 Oryza sativa L.

Juncaceae NC 071363 Juncus roemerianus Scheele
Juncaceae NC 071364 Juncus validus Coville

Juncaceae PP790565 Juncus fauriei H.Lév. & Vaniot
Cyperaceae PP790566 Carex siderosticta Hance
Cyperaceae PP790556 Carex bostrychostigma Maxim.
Cyperaceae PP790557 Carex breviculmis R.Br.

Cyperaceae PP790558 Carex capricornis Meinsh, ex Maxim.
Cyperaceac PP790559 Carex cinerascens Kiik.

Cyperaceae PP790560 Carex dickinsii Franch. & Sav.
Cyperaceae PP790561 Carex duriuscula C.A.Mey
Cyperaceae PP790562 Carex laticeps C.B.Clarke ex Franch.
Cyperaceae PP790563 Carex paxii Kiik.

Cyperaceae PP790564 Carex peiktusani Kom,




2.2.8. Phylogenomic and synteny analysis of Carex chloroplast genomes

The amino acid sequences of the chloroplast genomes from a total
of 16 species (Table 2.2), including six representative species within
Poales, were clustered into 79 homologous groups using Orthofinder
software (v2.5.5; Emms & Kelly, 2019). These clusters were
subsequently aligned with the MUSCLE algorithm (v3.8.1551; Edgar,
2004).

The aligned matrix was used to infer the phylogeny of the 16
species with IQ—TREE (v2.3.6; Minh et al., 2020), applying the partition
model (Chernomor et al., 2016) and ultrafast bootstrap options (Hoang et
al., 2018). The final phylogenetic trees were visualized in MEGA
(v11.0.13; Kumar et al., 2018), and the gene presence/absence matrix
was generated using the ggtree R package (v3.6.0; Yu et al., 2017; R
Core Team, 2023).

Additionally, 25 locally collinear block (LCBs) sequences were
extracted using progressiveMauve (v.1.1.3; Darling et al., 2010), with C.
siderosticta designated as the reference chloroplast genome. The
minimum LCB length was set to 1000 bp, and the Min LCB weight was
set to 1500. The LCB sequences were then aligned with MUSCLE

(v3.8.1551; Edgar, 2004) and used to infer phylogenetic relationships of



the 16 species with IQ—TREE (v2.3.6; Minh et al., 2020), where the
bootstrap value was set to 1000. The final phylogenetic trees were

visualized in MEGA (v11.0.13; Kumar et al., 2018).



2.3. Results

2.3.1. DNA sequencing

In this study, 10 species of Carex were sequenced using Oxford
Nanopore Technologies (ONT) and either Illumina or MGI platforms.
ON'T sequencing generated a total read base range of 0.08 to 77.41 Gbp,
with variations in read counts across species. The maximum read length
reached 292,724 bp, and N50 values ranged from 7,223 to 46,449 bp
(Table 2.3). The Illumina/MGI datasets, obtained with a 500 bp insert
size and generating 150 bp paired—end reads, provided high—quality
short—read data, with an average total read base of approximately 4.26

Gbp, enhancing assembly accuracy.
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2.3.2. Chloroplast genome assembly and annotation

The assembled chloroplast genomes of Carex species ranged in
size from 185,213 bp (C. bostrychostigma) to 241,458 bp (C.
peiktusani), while the outgroup species exhibited sizes from 134,502 bp
(O. sativa) to 196,852 bp (J. roemerianus) (Table 2.4). These size
differences are attributed to variations in the lengths of the LSC (Large
Single Copy), SSC (Small Single Copy), and IR (Inverted Repeat) regions
among species.

The LSC region in Carex ranged from 97,568 bp (C.
bostrychostigma) to 115,594 bp (C. peiktusani), while in the outgroup
species, it varied from 80,547 bp (O. sativa) to 91,055 bp (J. faurier).
The SSC region showed relatively less variation, ranging from 8,491 bp
(C. paxiD to 10,302 bp (C. capricornis) in Carex and from 2,046 bp (/.
validus) to 19,652 bp (7. latifolia) in the outgroup species. The IR region
in Carex ranged from 36,494 bp (C. paxii) to 57,823 bp (C. peiktusani),
while in the outgroup, it varied from 20,804 bp (O. sativa) to 53,003 bp
(/. roemerianus) (Table 2.4).

The GC content in the outgroup species ranged from 33.5% (O.
sativa) to 36.6% (7. latifolia), while Carex species exhibited slightly

lower GC content, ranging from 32.7% (C. peiktusani) to 34.2% (C.



cinerascens and C. duriuscula) (Table 2.4). This relatively lower GC
content in Carex may be associated with the stability of the chloroplast
genome, suggesting a potential for structural variation.

In terms of gene composition, Carex species contain a total of 132
to 148 genes, including 85 to 97 protein—coding genes (CDS), 37 to 46
tRNA genes, and 8 rRNA genes. In contrast, the outgroup species
generally have a simpler gene composition (Table 2.4).
Circular maps of all assembled chloroplast genomes were generated
using the OGDRAW software (v1.3.1; Greiner et al., 2019; Figs. 2.11-

2.20).
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Fig. 2.11. Gene map of the chloroplast genome in C. siderosticta using

the OGDRAW software (v1.3.1; Greiner et al., 2019)
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Fig. 2.12. Gene map of the chloroplast genome in C. paxii using the

OGDRAW software (v1.3.1; Greiner et al., 2019)
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Fig. 2.13. Gene map of the chloroplast genome in C. duriuscula using the

OGDRAW software (v1.3.1; Greiner et al., 2019)
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Fig. 2.14. Gene map of the chloroplast genome in C. bostrychostigma

using the OGDRAW software (v1.3.1; Greiner et al., 2019)
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Fig. 2.15. Gene map of the chloroplast genome in C. capricornis using the

OGDRAW software (v1.3.1; Greiner et al., 2019)
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Fig. 2.16. Gene map of the chloroplast genome in C. dickinsii using the

OGDRAW software (v1.3.1; Greiner et al., 2019)
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Fig. 2.17. Gene map of the chloroplast genome in C. cinerascens using

the OGDRAW software (v1.3.1; Greiner et al., 2019)
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Fig. 2.18. Gene map of the chloroplast genome in C. /aticeps using the

OGDRAW software (v1.3.1; Greiner et al., 2019)
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Fig. 2.19. Gene map of the chloroplast genome in C. brevicul/mis using the

OGDRAW software (v1.3.1; Greiner et al., 2019)
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Fig. 2.20. Gene map of the chloroplast genome in C. peiktusans using the

OGDRAW software (v1.3.1; Greiner et al., 2019)



2.3.3. Repetitive sequence patterns in chloroplast genomes within

Poales: type, length, and distribution

The Carex species exhibit a notably higher number of repeats
compared to other species (Fig. 2.21). Specifically, C. breviculmis and C.
peiktusani contain over 3,000 repeats, predominantly of the forward and
palindromic types, with fewer complement and reverse repeats. Notably,
C. peiktusani reached REPuter's maximum detection threshold of 5,000
repeats, indicating that the actual repeat count in this species may

exceed this limit.

Regarding repeat length distribution, over 10 repeats exceeding
1,000 bp were found in C. cinerascens, C. dickinsii, C. laticeps, and C.
peiktusani, with additional long repeats observed in J. fauriei (Fig. 2.22).
Conversely, 7. latifolia, E. buergerianum, and O. sativa—belonging to
Typhaceae, Eriocaulaceae, and Poaceae, respectively—showed no
repeats over 1,000 bp. Similarly, C. capricornis and C. paxii
(Cyperaceae) lacked repeats of this length but contained approximately
1,000—1,500 shorter repeats (Fig. 2.21), contrasting with 7. /atifolia, E.

buergerianum, and O. sativa, which displayed very few repeats overall.

The distribution of repetitive sequences across chloroplast



genome regions varied by species. Most repeats were concentrated in
the LSC region, followed by the IR region, with some species exhibiting
repeats within the SSC region (Fig. 2.23). In 7. /atifolia, repeats
appeared to a lesser extent in the SSC region, though numbers remained
lower than in other regions. Other species also displayed low repeat

levels in the SSC region.
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Fig. 2.23. Distribution of repeat sequences by genomic region across
multiple Poales species. The horizontal stacked bar plot displays the
proportion of repeat sequences located within the SSC, LSC, and IR
regions for each species. This analysis was conducted using REPuter

(Kurtz et al., 2001).



2.3.4. Structural complexity and rearrangements in chloroplast genomes

of Poales

The chloroplast genome structures in Carex were compared with
related taxa using pairwise dot plots and progressiveMAUVE (Fig. 2.24;
Fig. 2.25). Typhaceae, representing one of the earliest—diverging
lineages within Poales, served as a reference to investigate structural
complexity and rearrangements across the order. Only one structural
change was observed between 7. /atifolia (Typhaceae) and E.
buergerianum (Eriocaulaceae) (Fig. 2.24A.a). In contrast, structural
variations increased markedly as the comparison progressed from
Typhaceae to Cyperaceae (Fig. 2.24B—D). This analysis revealed a
gradual increase in structural changes and complexity from Typhaceae to

Cyperaceae.

The comparison between 7. /atifolia (Typhaceae) and O. sativa
(Poaceae) revealed relatively few structural variations, including a 3.9 kb
translocation, a 23 kb inversion, and a 2 kb indel. Additionally, a small
inverted translocation was detected (Fig. 2.24B). When comparing 7.
latifolia (Typhaceae) and J. fauriei (Juncaceae), the frequency and scale
of structural variations increased. These variations included inversions

ranging from 6 to 12 kb, translocations of 1.5 kb and 3 kb, and 6 kb



inversion + indel mutations. Additionally, indels up to 11 kb and short
inverted translocations were identified. These results suggest that the
chloroplast genome of Juncaceae exhibits greater structural dynamics
compared to Poaceae (Fig. 2.24C). In the analysis of 7. /atifolia
(Typhaceae) and Cyperaceae, represented by C. siderosticta, structural
complexity was most pronounced. These included 16 and 20 kb inversion
+ indel mutations, a 3 kb translocation, and a 19 kb inverted
translocation, along with additional indels. A short inverted duplication
was also detected in the IR region. These structural rearrangements
highlight the high genomic plasticity and structural diversity of the
chloroplast genome in Cyperaceae, particularly in the genus Carex (Fig.

2.24D).
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Fig. 2.24. Pairwise dot plots of Poales taxa (minimum repeat length of
100 bp and repeat identity threshold of 90%). Major structural changes
are indicated in different colors (blue: inversion; green: indel; purple:

translocation; orange: inverted translocation; pink: inversion + indel).



Fig. 2.24.(Continued) Dot plots include (A) between Typhaceae and
Eriocaulaceae, (B) between Typhaceae and Poaceae, (C) between
Typhaceae and Juncaceae, and (D) between Typhaceae and C.
siderosticta (Cyperaceae). Among the 10 Carex species analyzed in this
study, C. siderosticta represents the most basal lineage and serves as a

representative of the Cyperaceae in this comparison.
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Fig. 2.25. Whole genome alignment of Poales taxa. The Locally Collinear
Blocks (LCBs) were identified by progressiveMAUVE alignment using
the chloroplast genome of C. siderosticta as a reference, with one copy

of the IR region removed prior to alignment to prevent redundancy.



Fig. 2.25. (Continued) Annotated features are displayed as follows:
protein—coding regions (CDS) as white boxes, transfer RNAs (tRNAs) in
green, ribosomal RNAs (rRNAs) in red, and miscellaneous RNA
(misc_RNA) features in blue. Evolutionary insights into the chloroplast
genomes of Cyperaceae: Phylogenetic relationships and gene structure

divergence in Poales

To analyze the phylogenetic relationships and gene structure
differences between Cyperaceae and other taxa within Poales, 79
homologous amino acid sequences were clustered and aligned using
Orthofinder (v2.5.5) and the MUSCLE algorithm (v3.8.1551). For each
gene, the optimal model was selected (Table 2.5), and a phylogenetic
tree was constructed with IQ—TREE (v2.3.6) using the ultrafast

bootstrap method.



Table 2.5. The best amino—acid substitution models for 79 coding genes
used in the phylogenetic analyses of IQ—=TREE (Minh et al., 2020) with

the partition model (Chernomor et al., 2016)

Number Gene Best model Number Gene Best model

1 accD VT+F 41 psbF mtMAM

2 atpA Q.plant+F+G4 42 psbH FLAVI+G4

3 atpB Q.mammal+F+G4 43 pshl mtMet

4 atpE Q.mammal+F 44 psbJ mtMAM

5 atpl’ mtVer+F+G4 45 psbK mtMet+G4

6 atpH mtMAM+I 46 pshL mtMet

7 atpl Q.bird+F+G4 47 psbM mtMet

8 cesA Q.bird+F+G4 48 psbN mtREV+I]

9 cemA Q.mammal+F+I 49 pshT mtMet

10 clpPI JTTDCMut+F+G4 50 psbZ mtlnv

11 inf4 VT+F+G4 51 rbel mtZOA+F+R2
12 matK Q.mammal+F+I 52 pll4 Q.plant+F+I
13 ndhA mtMet+F+G4 53 rpll6 mtREV+F+I+R2
14 ndhB Q.bird+F 54 rpl2 Q.mammal+F+I
15 ndhC Q.bird+F 55 rpi20 mtMet+F+G4
16 ndhD Q.bird+F+G4 56 rpl22 JTT+F+G4
17 ndhE mtMAM+F+G4 57 rpi23 PMB+F

18 ndhF Q.mammal+F+G4 58 rpl32 mtVer+F+G4
19 ndhG Q.mammal+F 59 rpl33 Q.bird+F+G4
20 ndht Q.mammal+F+G4 60 rpl36 HIVw+F+G4
21 ndhl JTT+F 61 rpoA VT+F+G4
22 ndhJ JTT+F+G4 62 rpoB Q.mammal+F+G4
23 ndhK HIVw+F+G4 63 rpoCl Q.bird+F+G4
24 pbfl mtMAM 64 rpoC2 Q.mammal+F+G4
25 petA Q.mammal+F+G4 65 rpsll Q.mammal+F+G4
26 petB FLU+F+G4 66 rpsi2 PMB+F
27 petD mtMAM-+F+] 67 rpsid mtVer+F+G4
28 petG mtZOA+] 68 rpsls mtMet+F+1
29 petL mtMet 69 rpsl6 JTT+HF+I
30 petN mtMAM 70 rpsl8 JTT+F+G4
31 psad mtMAM+F+G4 71 rpsi9 WAG+F+G4
32 psaB FLU+F+G4 72 rps2 HIVb+F+G4
33 psaC Q.bird+G4 73 rps3 JTTH+F+G4
34 psal mtMet 74 rpsd mtMet+F+I+R2
35 psal mtMAM 75 rps7 JTT+F+I+R2
36 pshA FLU+F+G4 76 rps8 JTT+F+G4
37 psbB mtMAM+F+I+R2 77 yef3 HIVw+F+G4
38 pshC mtMAM+F+G4 78 yefd Q.plant+F+G4
39 pshD FLU+F+G4 79 vef68 Q.mammal
40 pshE mtMAM+G4




The results indicated that the c/pP was only present in
Typhaceae, Eriocaulaceae, and Poaceae, while it was absent in Juncaceae
and Cyperaceae (Fig. 2.26). This suggests that Cyperaceae possesses a
gene structure that differentiates it from other Poales lineages such as
Poaceae and Eriocaulaceae. Furthermore, analysis of the accD revealed
that it was absent in Juncaceae but present as a single copy in
Typhaceae, Eriocaulaceae, and Poaceae. Most species within Cyperaceae
contained multiple copies of accD, except for C. paxii, C. laticeps, and C.
breviculmis, which lacked accD altogether. These three species also
lacked c/pP1 and infA. This pattern of multiple gene duplications and
specific gene losses highlights the structural complexity and gene

variability within the chloroplast genome of Cyperaceae (Fig. 2.26).

According to Zhou et al. (2023), the chloroplast genome size of J.
validus is smaller than that of other Juncus species, likely due to the
expansion of the IR region, which reduced the SSC region to
approximately 2 kbp and resulted in the loss of 11 ndh genes as well as
rpsl15 and ycf4. These characteristics indicate that Juncaceae has

structural features distinguishing it from other Poales taxa (Fig. 2.26).
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Using C. siderosticta, the earliest—diverging species in the genus
Carex and a member of the subgenus Siderosticta, as a reference, 25
locally collinear blocks (LCBs) were identified to analyze chloroplast
genome structural variations (Fig. 2.27; Table 2.6). By assigning LCB
order based on C. siderosticta, structural rearrangements across Carex
species were revealed, representing the simplest configuration involving
the fewest rearrangements and serving as the most parsimonious

arrangement across the genus.

Distinct structural rearrangements were observed within and
across subgenera and clades. For instance, in the subgenus Vignea, C.
paxii and C. duriuscula displayed inversions in LCB 10-15 and 19-21,
suggesting unique gene arrangements that distinguish Vignea from other
Carex subgenera (Fig. 2.28). In the transition to subgenus Carex, an
inversion spanning approximately 50 kb across LCB 2-9 was identified,
indicating a characteristic structural modification within this lineage (Fig.

2.28).

Additional structural differences were also found among specific
sections and species. During the divergence of sections VI.H.1.Hirta

(including C. capricornis and C. dickinsii) and VI.K.Phacocystis,



inversions in LCB 10-14 were observed, distinguishing them from other
clade in Carex subgenus. Furthermore, C. breviculmis exhibited a
deletion in LCB 9. C. peiktusani displayed another inversion in LCB 9-2,
marking significant structural divergence within the genus Carex. These
structural rearrangements, including inversions, translocations, and
deletions annotated across the phylogenetic tree (Fig. 30), highlight the

structural evolution underlying the diversity within Carex.
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Fig. 2.27. Linear map of the chloroplast genome of C. siderosticta
(PP790566), with 25 identified locally collinear blocks (LCBs) indicated

along the LSC, IR, and SSC regions.



14 ¥T £ [ 1T 0z 6l ¥ Ll 91 St Fl £l Tl 11 01 6 8 L 9 $ ¥ £ T upsnppad )
[aput .
§T ¥T €T e 1T 0z ol £ Ll 91 ¢l 1 £l tl 1 0l o € ¥ < 9 L 8 681 SnapnaIaeg -
€T ¥ £T c 0z 6l e Ll €l Fl €1 Tl 11 01 [ € ¥ I 9- L 8 6 sdoouny )
ST ¥ £ i 1T 0z 6l 1T Ll 91 §1 [ 11~ - £l I- T £ ¥ § 9- L 8 6 SuISOAULD
§T T €T 4 1T 0T 6l 0T Ll €l 0l- - Tl €l I- [ £ ¥ s 9 L 8 [ nsupop
§T ¥T £ @ 1T 0z 6l 61 Ll <l 01- - - £l - - ¢ i s 9- L- 8 [ SHed0a1idbd )
4 ¥T €T i 0z ol 81 1T Ll N 1 €1 tl il 0l I € ¥ s 9 L 8 6 pussoyaiysoq )
€T ¥ £T i 61- 0z 1T 81 Ll 91 or- - £l Fl1- S1- 6 8 L 9 § t £ [ pprasaLnp "
§T ¥T €T @ 61- 0z 1z 81 Ll 91 01- - - £l Fl- SI- 6 8 L 9 $ ¥ £ i nd )
§T ¥T £ [ 1T 0z 6l 81 LT 91 <l Fl £l Tl 11 01 6 8 L 9 < ¥ £ 4 PIINSOAZPIS )
uotRal paALsUO) woisIAL 07-61 €1 uoisIAUL p1-0] pUE §[-01 4T [9PUI § P UOISIAU! 7-6,°6-7 ] sanads
(Ds8) AdoD afdurs ewg (1) readary pavoauy (0§7) &doyy apfurg adme] uoiday

90UaJaJal B SB £)01)S0.opIs ) Sulsn sa10ads xa.727) JO 19pJo g1 "9°Z 9Iqe],



Typha latifolia

100 Eriocaulon buergerianum

Oryza sativa

Juncus validus

Juncus roemerianus

100
Juncus fauriei

‘ 100‘

Carex siderosticta | . ]
100 |.A.Siderostictae I. Siderosticta

Carex paxii

I I ‘ V.H.2.Disticha

V. Vignea
100 10-15 19-21 100‘ Carex duriuscula 9

V.E.IS3.Duriuscula

Inv  Inv -

I Carex bostrychostigma -

VI1.1S.1.Dissitiflora

100 21 translocation

Carex capricornis
100 ‘ VI.H.1.Hirta

100 100
I Inversion ‘l’ L Carex dickinsii

2.9 VI.H.1.Hirta
I Translocation Inv 10-14 Carex cinerascens VI. Carex
Inv VI.K.Phacocystis
100 Carex laticeps
VI.X.4.Rhomboidales
100 L o
_ Carex breviculmis
& VI.X.5.Mitrata

+ Carex peiktusani -

9.2 VI.I.2.Racemosae

Inv

Fig. 2.28. Phylogenetic tree and distribution of structural variation in

chloroplast genomes constructed from 25 synteny block DNA sequences.



Fig. 2.28.(Continued) This phylogenetic tree visualizes structural
variation across species in chloroplast genomes, with major structural
mutations indicated by color—coded synteny block numbers. Red
indicates inversion mutations, blue indicates translocation mutations, and
orange indicates insertion/deletion mutations; each number represents
one synteny block. Bootstrap values reflect the confidence in each node.
On the right, species are grouped by subgenus (Siderosticta, Vignea,
Carex), with specific structural variations annotated within each clade.
The blue text below each Carex species name represents the section to

which that species belongs within the classification hierarchy.

Finally, the phylogenetic trees generated from both the 79 CDS
sequences and the 25 LCBs sequences exhibited consistent topologies.
Notably, the bootstrap values for the clade containing C. /aticeps, C.
breviculmis, and C. peiktusani increased when LCB sequences were
used, suggesting that LCBs may better reflect structural variation
compared to CDS sequences (Fig. 2.26; Fig. 2.28). Overall, Cyperaceae,
particularly the genus Carex, exhibits considerable structural complexity

and genomic rearrangements relative to other Poales taxa, providing



valuable insights into the evolutionary trajectory and ecological

specialization within Carex.



2.4. Discussion

2.4.1. Chloroplast genome structure and stability

The chloroplast genome of Carex contains abundant short
dispersed repeats (SDRs) and long repeat sequences, which contribute
to its structural instability. As shown in Table 2.4, Carex species
generally exhibit lower GC content than related taxa, potentially
contributing to decreased structural stability (Ruhlman et al., 2017;
Papanikolaou et al., 2009). Lower GC content reduces the binding energy
between base pairs, making the genome more flexible and, consequently,
more susceptible to abnormal recombination events. Therefore, the
combination of low GC content and repetitive sequences in Carex may
increase genome instability, potentially driving various structural
rearrangements. These findings align with studies on Eleocharis
(Cyperaceae), which also reported chloroplast genome heteroplasmy

associated with structural polymorphism (Lee et al., 2020).



2.4.2. Increasing structural complexity in Poales chloroplast genomes

The dot—plot analysis of Poales chloroplast genomes (Fig. 2.24)
demonstrates a clear trend of increasing structural complexity and
rearrangements from Typhaceae to Cyperaceae. The comparison
between 7. /atifolia (Typhaceae) and E. buergerianum (Eriocaulaceae)
showed relatively stable chloroplast genome structures. In contrast,
comparisons with Poaceae, Juncaceae, and Cyperaceae revealed a
gradual increase in complexity, with the most pronounced structural
changes observed in Cyperaceae. In particular, the large—scale
inversions and complex rearrangements observed in C. siderosticta
(Cyperaceae) suggest that structural changes in Poales chloroplast
genomes extend beyond simple inversions, translocations, and indels to
exhibit more complex patterns. These findings are consistent with the
results of Lee (2021) and Xu et al. (2023a), supporting the high
structural diversity and plasticity of the chloroplast genome in Carex.
Overall, these results highlight a progressive increase in structural
complexity across Poales chloroplast genomes, with Cyperaceae
exhibiting structural changes that may have played a significant role in
their evolutionary adaptation and diversity. The large —scale

rearrangements identified in the chloroplast genome of Carex provide



valuable insights into the phylogenetic relationships and structural

evolution within Poales.



2.4.3. Phylogenetic insights using chloroplast genome structural

variations in Carex

The classification of the genus Carex has traditionally been based
on morphological characteristics. However, the issue of homology in
morphological traits has often led to inaccuracies in reflecting
phylogenetic relationships, as convergent evolution can result in
morphologically similar species belonging to entirely different
phylogenetic groups. To address this limitation, nuclear ribosomal DNA
markers such as ETS and ITS were introduced. While these molecular
approaches have been useful in exploring phylogenetic relationships
among closely related species, they have inherent challenges. Low gene
concordance often makes it difficult to resolve specific phylogenetic
relationships, and the high rate of incongruence, where multiple ITS
copies or variants exist within a species, can distort phylogenetic
analyses. For instance, some non—functional ITS variants may skew
results or lead to an underestimation of genetic diversity when only the
dominant copy is analyzed (The Global Carex Group, 2016). Recently,
NGS—based HybSeq has improved phylogenetic resolution by targeting
multiple exon regions. However, it is largely focused on coding regions

and fails to adequately capture non—coding regions or large—scale



structural variations of entire genomes. Additionally, as HybSeq relies on
Illumina short—read data, it is insufficient for exploring the complex
genome structures typical of Carex (Villaverde et al., 2020). To
overcome these limitations, this study utilized nanopore sequencing with
long—read data to successfully assemble the complete chloroplast
genomes of 10 Carex species. This approach allowed for simultaneous
analysis of entire genome sequences, including both coding and non—
coding regions, as well as structural variations. Given the intricate
genome structure and abundant repetitive sequences characteristic of
Carex, long—read data proved indispensable for detecting large —scale
structural variations and repetitive sequence patterns that were
previously undetectable using short—read methodologies. Furthermore,
this study provided new insights by analyzing the relationship between
genome structural variations and morphological traits. For example, Fig.
2.25 and Table 2.6 illustrate the LCB 2—10 order shared by C.
siderosticta, C. paxii, C. duriuscula, and C. peiktusani. These four species
share a common morphological characteristic of bisexual spikes, where
staminate (male) flowers are positioned above pistillate (female) flowers
within the same spike. This suggests that specific genome structural

variations may be associated with bisexual spike morphology,



highlighting the importance of integrating molecular and morphological
approaches for a more comprehensive understanding of phylogenetic
relationships. Notably, this study demonstrates a novel and distinct
approach by utilizing genome structural variation patterns for
phylogenetic classification. To date, no such classification has been
performed for Carex, making this research unique in leveraging the
advantages of complete chloroplast genome data to address limitations in
traditional methods. In conclusion, this study integrates chloroplast
genome analysis using nanopore—based long—read data with
morphological traits to clarify phylogenetic relationships in Carex. By
presenting previously unrecognized patterns, this approach not only
addresses gaps in earlier studies but also offers broad applicability to
other large and complex taxonomic groups. Future studies with additional
data will further elucidate the connections between molecular
classifications and morphological characteristics, contributing to a deeper

understanding of evolutionary patterns.



3. Carex mitochondrial genome

3.1. Introduction

3.1.1. Characteristics of plant mitochondrial genome

Mitochondria are organelles within eukaryotic cells that play a
crucial role in energy production through cellular respiration. In plant
cells, mitochondria are essential for breaking down sugars produced by

photosynthesis to generate energy in the form of ATP (Notsu et al.,

2002; Chevigny et al., 2020; M ¢ ller et al., 2021).

The plant mitochondrial genome differs significantly from the
animal mitochondrial genome in terms of size, structure, and gene
content (Knoop et al., 2010). Animal mitochondrial genomes are typically
small, ranging from 15 to 20 kb, and contain 37 genes (Boore, 1999). In
contrast, plant mitochondrial genomes are much larger and more variable,
ranging from 191 kb to 11.3 Mb, reflecting their more complex structure
compared to animals. Among angiosperms (flowering plants), Cucumis
melo var. momordica is reported to have the largest mitochondrial
genome, measuring approximately 2.71 Mb and containing 83 genes (as

of November 12, 2024, INSDC; GenBank accession: MG947207).

A distinctive feature of plant mitochondrial genomes is their



abundance of non—coding and repetitive sequences. These repetitive
sequences drive homologous recombination, resulting in mitochondrial
genomes that exist not only as a single master circle but also as
multipartite genomes comprising multiple circular or linear molecules. A
master circle represents the entire genome as a single large circular
molecule, while multipartite genomes consist of several independent
molecules (Fischer et al., 2022). Such mechanisms lead to heteroplasmy,
where different mitochondrial DNA copies coexist within the same
species. Heteroplasmy plays a significant role in plant adaptation and
evolution (Mower et al., 2012; Richardson et al., 2013; Kozik et al.,
2019; Yang et al., 2022). Despite advancements in next—generation
sequencing (NGS) technologies and improved assembly strategies, large
repetitive sequences and multipartite genome structures continue to pose
challenges for complete genome assembly. This structural and genetic
diversity represents a critical research challenge for understanding the
dynamics of plant evolution and the relationship between genome

structure and function.



3.1.2. Limited mitochondrial research within the Carex

Currently, the only reported mitochondrial genome within the
Carex is that of C. breviculmis (GenBank accession: NC_068626; Xu et
al., 2023b). The Korean endemic species Carex pseudochinensis H. Lév.
& Vaniot (1902) plays an important role in maintaining biodiversity, yet
research on this species remains limited (Kim et al., 2009). Studies have
documented its distribution in Heoninleung, Seoul (Kim et al., 2010) and
its ecological significance within herbaceous plant communities on Mt.
Cheongoksan, Korea (Son et al., 2014). However, genetic and genomic
data are still scarce, limiting our understanding of its evolutionary
history.

Given the high levels of polymorphism and structural variation often
observed in plant mitochondrial genomes, investigating the mitochondrial
genome of C. pseudochinensis presents a valuable opportunity to
understand the evolutionary complexity of this genus and to explore the

genomic plasticity that may underlie its adaptability and diversity.



3.2. Matrerials and methods

3.2.1. Plant materials

C. pseudochinensis was collected from Wolchon—ri, Gunbuk—
myeon, Haman—gun, Korea (N35.306179° , E128.320333° ), and the
specimen was deposited in the herbarium at Sungshin Women's
University (Y. Cho s. n., SWU0036913) (Fig. 3.1; Table 1.1; Index 11).
Species identification was based on the recently published Korean

Cyperaceae manuals (Cho et al., 2016).
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Fig. 3.1. The voucher specimen of C. pseudochinensis used in this study

(SWU0036913)



3.2.2. DNA extraction and sequencing

A high—molecular—weight (HMW) DNA extraction method
optimized for effective long—read sequencing was employed for high—
quality third—generation genome sequencing (Kang et al., 2023). The
concentration and quality of the extracted DNA were measured using
Nanodrop (Thermo Fisher Scientific, Massachusetts) and Qubit
(Introgen, Massachusetts) systems, and the DNA fragment length was

verified with the FEMTO Pulse system (Agilent Technologies).

Long—read sequencing data were generated on the MinION
platform using R9 flow cells and the SQK—LSK109 library preparation kit
(Oxford Nanopore Technologies, Oxford). Short—read sequencing was
performed on the Illumina NovaSeq 6000 S4 platform using the TruSeq

Nano DNA Kit (Illumina, San Diego).

3.2.3. Mitochondrial genome assembly and polishing

To assemble the mitochondrial genome of C. pseudochinensis, the
Plant Organelle—Genome Long—Read Assembly Pipeline (POLAP), a
seven—step pipeline specialized for plant organelle genome assembly,
was utilized. POLAP enables high—accuracy genome assembly even



without a reference genome, making it suitable for this study. The

assembly process consists of the following seven steps:

Step 1. Long—Read Data Filtering

To estimate the genome size of C. pseudochinensis, K—mer analysis was
performed on short—read data using Jellyfish (Mar¢ais & Kingsford,
2011). Following this estimation, sequences longer than 3 kb were
extracted from the long—read dataset using Minimap?2 (Li, 2018), and

these filtered long reads were prepared for whole—genome assembly.

Step 2. Whole—Genome Assembly

Whole—genome assembly was conducted using Flye software (v2.9.3—
b1797; Kolmogorov et al., 2019) with the filtered long—read sequences.
Coverage option was set to 30 X, and the previously estimated genome

size was specified as an assembly parameter.

Step 3. Organelle Gene Annotation

A BLAST homology search was conducted to annotate organelle genes
within the assembled contigs (Altschul et al., 1997). Plant organelle
amino acid sequences from the NCBI Reference Sequence Database

(RefSeq, Release 218) were used to build a local database for annotation



purposes.

Step 4. Mitochondrial DNA Seed Contig Selection

To identify seed contigs potentially containing mitochondrial DNA, the
Bandage software (Wick et al., 2015) was used to visualize the whole—
genome assembly graph. The criteria for selecting seed contigs included
the presence of organelle genes, the copy number of the contig, and its
connectivity within the assembly graph. The "copy number" refers to the
extent to which sequencing data for a specific contig is detected
repeatedly (sequencing depth). This measure is provided by the Flye as
multiplicity values (v2.9.3—b1797; Kolmogorov et al., 2019). In general,
mitochondrial—derived contigs in plant leaves exhibit higher copy
numbers than nuclear DNA but lower than chloroplast—derived contigs
(Henry et al., 2022). Based on these copy number criteria,
mitochondrial—derived contigs were selected according to the expected
coverage levels, improving the accuracy of mitochondrial genome

assembly.

Step 5. Mitochondrial Long—Read Data Collection

Long—read data mapped to the selected seed contigs were isolated using

Minimap2 (Li, 2018). These filtered long—read sequences were then



prepared for subsequent rounds of mitochondrial genome assembly.

Step 6. Mitochondrial Genome Assembly

The isolated long—read data were reassembled specifically for the
mitochondrial genome using Flye software (v2.9.3—b1797; Kolmogorov
et al., 2019). Assembly coverage option was set to 30X, with the
genome size parameter defined by the total base count of the selected

seed contigs.

Step 7. Polishing and Assembly Validation

The assembled mitochondrial draft genome from the long—read data was
refined using FMLRC (v1.0.0; Mak et al., 2023; Zhou et al., 2023) with
short—read data to enhance accuracy. Subsequently, the accuracy of the
assembled genome was further validated by confirming uniform
sequencing coverage of short— and long—read sequences using Minimap?2

(v2.24; 1, 2018) and Geneious Prime (v2024.0.5; Kearse et al., 2012).

For more detailed information on the tools used in each step, refer to

Table 3.1.



Table 3.1. Seven steps of a plant mitochondrial genome assembly and

main tools

Step Description Main tool ~ References
1  Genome size estimation Jellyfish Margais & Kingsford (2011)
2 Flye whole-genome assembly Flye Kolmogorov et al. (2019)
3 Organelle gene annotation BLAST Altschul et al. (1997)
4  Mitochondrion-origin contig selection Bandage Wick et al. (2015)
5 Mitochondrion-origin reads selection Minimap2  Li (2018)
6  Flye organelle-genome assembly Flye Kolmogorov et al. (2019)
7  Polishing FMLRC Mak et al. (2023)




3.2.4. Mitochondrial genome annotation

The mitochondrial genome was annotated using the GeSeq tool
(v2.03; Tillich et al., 2017) with reference sequences from 15
mitochondrial genomes of Poaceae species and the mitochondrial genome
of C. breviculmis (Table 3.2). Protein—coding genes were annotated
using translated BLAT (Kent, 2002), while rRNA and tRNA genes were
annotated using nucleotide BLAT (Kent, 2002). In addition, tRNA genes
were specifically annotated using the tRNAscan—SE software (v2.0.7;

Chan, 2019).

All annotated genes were manually checked and curated in
Geneious Prime (v2024.0.5; Kearse et al., 2012). The final circular
genome map of the mitochondrial genome was generated using OGDRAW
software (v1.3.1; Greiner et al., 2019). All options during these

processes were used with default settings.



Table 3.2. Reference genomes used for annotation, including
mitochondrial genomes from 15 Poaceae species and C. breviculmis (Xu

et al., 2023b), downloaded from NCBI on February 7, 2024.

Family GenBank no. Species

Cyperaceae NC_068626.1 Carex breviculmis R.Br.

Poaceae NC_040989.1 Eleusine indica (L.) Gaertn.

Poaceae NC 036024.1 Triticum aestivum L.

Poaceae NC_022714.1 Triticum timopheevii (Zhuk.) Zhuk.
Poaceae NC _022666.1 Aegilops speltoides Tausch

Poaceae NC 013816.1 Oryza rufipogon Griff,

Poaceae NC _011033.1 Oryza sativa L. (Japonica Group)

Poaceae NC 029816.1 Oryza minuta J.Presl

Poaceae NC_007886.1 Oryza sativa L. (Indica Group)

Poaceae NC_008333.1 Zea luxurians (Durieu & Asch.) R.M.Bird
Poaceae NC_008331.1 Zea perennis (Hitche.) Reeves & Mangelsd.
Poaceae NC_007982.1 Zea mays subsp. mays

Poaceae NC_008332.1 Zea mays subsp. parviglumis Iltis & Doebley
Poaceae NC 008360.1 Sorghum bicolor (L.) Moench

Poaceae NC_008362.1 Tripsacum dactyloides (L.) L.

Poaceae NC _031164.1 Saccharum officinarum L.




3.2.5. Structural comparison of mitochondrial genomes in C. breviculmis
and C. pseudochinensis
Pairwise sequence alignment of the mitochondrial genomes of C.
breviculmis and C. pseudochinensis was performed using
progressiveMauve software (v2.4.0; Darling et al., 2010) to examine

structural variations and sequence similarity.

3.2.6. Maximum likelihood phylogeny tree of Carex and related taxa
Phylogenetic analysis was conducted using a mitochondrial
proteome dataset comprising six Cyperaceae taxa, including C.
pseudochinensis, along with representatives from other Poales and
eudicots as outgroups (Angiosperm Phylogeny Website v14;
http://www.mobot.org/MOBOT/research/APweb/) (Table 3.3). Amino
acid sequences were clustered into 33 homologous groups using
Orthofinder (v2.5.5; Emms & Kelly, 2019) and aligned with the MUSCLE
algorithm (v3.8.1551; Edgar, 2004). The alignment matrices were used
to infer the phylogeny of 10 species using IQ—TREE (v2.3.6; Minh et al.,
2020), applying the partition model (Chernomor et al., 2016) and the

ultrafast bootstrap option (Hoang et al., 2018). The final phylogenetic



tree was visualized using MEGA (v11.0.13; Kumar et al., 2018), and a
gene presence/absence table was generated using the ggtree R package

(v3.6.0; Yu et al., 2017; R Core Team 2023).



Table 3.3. Species and NCBI accessions of mitochondrial genomes

included in the phylogenetic analysis

Family GenBank no. Species

Cyperaceae NC 087862 Carex pseudochinensis H. Lév. & Vaniot
Cyperaceae NC_068626 Carex breviculmis R.Br.

Cyperaceae NC 058697 Cyperus esculentus L.

Cyperaceae NC_068217 Rhynchospora tenuis Link

Cyperaceae NC 068216 Rhynchospora pubera (Vahl) Boeckeler
Cyperaceae NC_068215 Rhynchospora breviuscula H.Pfeiff.
Juncaceae NC 069588 Juncus effusus L.

Juncaceae NC_ 069587 Luzula sylvatica (Huds.) Gaudin
Poaceae NC 066488 Oryza sativa L.

Brassicaceae ~ NC 037304 Arabidopsis thaliana (L.) Heynh.




3.3. Results

3.3.1. DNA sequencing and K—mer analysis

C. pseudochinensis was sequenced using Oxford Nanopore
Technologies (ONT) and Illumina platforms. ONT sequencing generated
a total read base of 2.09 Gbp, consisting of 355,010 reads. The maximum
read length reached 117,698 bp, with an N50 value of 18,855 bp (Table
3.4). lllumina sequencing produced high quality short read data,
generating approximately 3.16 Gbp from 42 million reads, which

contributed to the enhancement of assembly accuracy.

Genome size was estimated to be approximately 98 Mb based on
K—mer analysis using Jellyfish. Using the ONT long read data, the
calculated coverage was 21.29x, which is lower than the 30x
recommended by POLAP. Therefore, all long read data were used
without subsampling, and the whole—genome assembly was performed

with Flye software (Fig. 3.2A).



Table 3.4. Summary of DNA sequencing data for C. pseudochinensis

Species Sequencing Total read Reads Min Mean Max N50
pecies methods bases (Gbp) ) length (bp)  length (bp) length (bp) (bp)

C. pseudochinensis ONT 2.09 355010 34 6,097.51 117,698 18,855
Illumina 3.16 20978104/20978104 N/A N/A N/A N/A

* N/A: Illumina sequencing with a 500 bp insert size and generated 150 bp paired-end reads.



3.3.2. Selection of seed contigs for mitochondrial genome assembly
Mitochondrial DNA seed contigs were selected based on connectivity
within the genome assembly graph, copy number, and the presence of
organelle genes. Tables 3.5—3.6 provide detailed characteristics of the
contigs assembled using Flye. Each column represents the following: the
unique identifier assigned to each contig during the Flye assembly
process (a; Contig ID), the estimated copy number of the contig,
reflecting its relative abundance (b; Copy numbers of the contig), the
sequence ID representing the edges of the contig in the assembly graph
(c; Edge sequence ID), the total number of mitochondrial genes identified
on the contig (d; Number of mitochondrial genes on the contig sequence),
and the total number of plastid genes identified on the contig (e; Number
of plastid genes on the contig sequence). Copy numbers were evaluated
using Flye (v2.9.2; Kolmogorov et al., 2019), which provides multiplicity
values—an important metric indicating the replication level of specific
contigs within the genome. Multiplicity values were a critical criterion for
distinguishing organellar genome contigs, with contigs showing copy
numbers greater than 1 being considered organellar in origin and

selected for subsequent steps.



A) Contigs with mitochondrial gene annotations exceeding plastid

gene annotations

Initially, 11 contigs with more mitochondrial gene annotations than plastid
gene annotations were selected. Copy number analysis revealed that
seven of these contigs had copy numbers between 2 and 3, suggesting a
mitochondrial origin. In contrast, the remaining four contigs exhibited
copy numbers of 1 or very high values, indicating possible origins from
nuclear or plastid genomes; these were excluded from further analysis
(Table 3.5). In Table 3.5, contigs that met the first selection criterion
are marked with a black "X," while the final selected contigs are

highlighted in red.

B) Contigs with similar ratios of mitochondrial and plastid genes or

slightly plastid—biased

Five additional contigs were selected where the ratio of mitochondrial to
plastid gene annotations was similar or slightly biased toward plastid

annotations (Table 3.6). These contigs had copy numbers ranging from 2
to 3, indicating a mitochondrial genome origin. In Table 3.6, the selected

contigs are marked with a red "X" for identification.



C) Contigs with no organelle gene annotations

Two contigs without organelle gene annotations but demonstrating high
connectivity within the genome assembly graph were also selected (Fig.
3.2B; Table 3.7, edge_2813 and edge_2044). These contigs were
deemed critical for maintaining structural continuity in mitochondrial
genome assembly. However, edge_1489 (Fig. 3.2B), despite meeting the
connectivity criterion, was excluded from selection as a seed contig due

to its significantly lower coverage (3x) compared to other contigs.

In total, 14 mitochondrial genome seed contigs were selected
(Table 3.7). Long—read raw data with sequences exceeding 3 kb in
length were mapped onto these seed contigs, resulting in 1,667 intra—
contig mapped reads and 42 inter—contig mapped reads. These data

were used to assemble the mitochondrial genome.



Table 3.5. Summary of contigs and organelle annotation counts in Flye

whole—genome assembly

Contig® Length Copy® Edge® MT®  PT* Selected
contig_369 129614 3 369 11 1 X
contig 2045 385224 2 2045 11 2 X
contig_368 100315 2 368 7 0 X
contig_2865 11463 95 2865 6 4 X
contig 367 60207 3 367 4 1 X
contig 2811 79923 3 2811 4 0 X
contig_2046 129919 A 2046 3 2 X

contig 9 384584 1 9 2 0 X
contig_1346 3250 172 1346 2 1 X
contig 2812 47958 3 2812 2 1 X
contig_1883 231324 1 1883 1 0 X
contig_2864 101257 55 2864 35 48
contig_1347 13554 107 1347 6 8
contig 1348 10081 52 1348 4 5
contig 2866 14458 82 2866 3 6
contig_2479 193764 1 2479 2 2
contig_479 1226336 1 479 1 1
contig_648 310328 2 648 1 1
contig 1148 353948 1 1148 1 1
contig 1149 43202 1 1149 1 1
contig_2003 47220 Z 2003 1 1
contig_2632 223639 1 2632 1 1
contig_2649 597676 1 2649 1 1
contig 1340 7685 103 1340 1 1

contig 35 384319 1 35 0 3

contig_86 234633 1 86 0 1
contig_162 443777 1 162 0 1
contig_ 217 154080 2 217 0 1
contig 230 228764 1 230 0 1
contig 262 354456 1 262 0 3
contig_306 56005 1 306 0 1
contig_321 217888 1 321 0 1
contig_342 192186 1 342,-341 0 10
contig 355 64330 1 355 0 1
contig 413 368475 1 413 0 2
contig_495 162188 1 495 0 5
contig_543 128600 1 543 0 1
contig_598 186435 1 598 0 8
contig 616 268419 1 616 0 2
contig_695 177380 1 695 0 1
contig_779 238875 1 779 0 1
contig 814 233824 1 814 0 4
contig 851 209075 1 851 0 1
contig 1109 297420 1 1109 0 3
contig_1221 133096 Z 1221 0 3
contig_1339 28994 1 -28,651,339 0 2
contig_1485 185817 1 1485 0 1
contig 1576 259904 1 1576 0 10
contig 1597 307220 1 1597 0 1
contig_1608 782773 1 1608 0 1
contig_1803 71622 1 1803 0 2
contig_1816 46768 1 1816 0 1
contig 2175 304516 1 2175 0 1
contig 2187 342701 1 2187 0 2
contig_2201 227883 1 2201 0 1
contig_2379 251347 1 -23,782,379 0 1
contig_2426 136198 1 2426 0 1
contig 2626 143122 1 2626 0 1
contig 2652 137942 1 2652 0 1
contig_2785 102637 Z 2785 0 1
contig_2852 238213 1 2852 0 1
contig 2859 596014 1 2859 0 1
contig 2868 305717 1 2868 0 1
contig_653 39820 1 653 0 1
contig_1337 5850 41 1337 0 2
contig 2878 8190 1 2878 0 3

|
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Table 3.6. Selected contigs with mitochondrial and plastid gene ratios

similar or slightly plastid—biased

Contig® Length Copy” Edge® MT'  PT®  Selected
contig 369 129614 3 369 11 1
contig 2045 385224 2 2045 11 2
contig 368 100315 2 368 7 0
contig 2865 11463 95 2865 6 4
contig 367 60207 3 367 4 1
contig 2811 79923 3 2811 + 0
contig 2046 129919 2 2046 3 2

contig 9 384584 1 9 2 0
contig_1346 3250 172 1346 2 1
contig 2812 47958 3 2812 2 1
contig 1883 231324 1 1883 1 0
contig 2864 101257 55 2864 35 48
contig 1347 13554 107 1347 6 8
contig 1348 10081 52 1348 + 5
contig 2866 14458 82 2866 3 6
contig 2479 193764 1 2479 2 2
contig 479 1226336 1 479 1 1
contig 648 310328 2 648 1 1 X
contig 1148 353948 1 1148 1 1
contig 1149 43202 1 1149 1 1
contig 2003 47220 2 2003 1 1 X
contig 2632 223639 1 2632 1 1
contig 2649 597676 1 2649 1 1
contig 1340 7685 103 1340 1 1

contig_35 384319 1 35 0 3
contig 86 234633 1 86 0 1
contig 162 443777 1 162 0 1
contig 217 154080 2 217 0 1 X
contig 230 228764 1 230 0 1
contig 262 354456 1 262 0 3
contig 306 56005 1 306 0 1
contig 321 217888 1 321 0 1
contig 342 192186 1 342,341 0 10
contig 355 64330 1 355 0 1
contig 413 368475 1 413 0 2
contig 495 162188 1 495 0 5
contig 543 128600 1 543 0 1
contig 598 186435 1 598 0 8
contig 616 268419 1 616 0 2
contig 695 177380 1 695 0 1
contig 779 238875 1 779 0 1
contig 814 233824 1 814 0 4
contig_851 209075 1 851 0 1
contig 1109 297420 1 1109 0 3
contig 1221 133096 2 1221 0 3 X
contig 1339 28994 1 -28,651,339 0 2
contig 1485 185817 1 1485 0 1
contig_1576 259904 1 1576 0 10
contig 1597 307220 1 1597 0 1
contig 1608 782773 1 1608 0 1
contig 1803 71622 1 1803 0 2
contig 1816 46768 1 1816 0 1
contig 2175 304516 1 2175 0 1
contig 2187 342701 1 2187 0 2
contig 2201 227883 1 2201 0 1
contig 2379 251347 1 -23,782,379 0 1
contig 2426 136198 1 2426 0 1
contig 2626 143122 1 2626 0 1
contig 2652 137942 1 2652 0 1
contig 2785 102637 2 2785 0 1 X
contig 2852 238213 1 2852 0 1
contig 2859 596014 1 2859 0 1
contig 2868 305717 1 2868 0 1
contig 653 39820 1 653 0 1
contig 1337 5850 41 1337 0 2
contig 2878 8190 1 2878 0 3
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Table 3.7. Mitochondrial candidate contigs

Contig Length MX;SZS;?;HI Nlc,u(’)npger Con(ilr:(i?vity

edge_2045 385224 X X X
edge_648 310328 X

edge_217 154080 X

edge_1221 133096 X

edge_2046 129919 X X X
edge_369 129614 X X X
edge_2785 102637 X

edge_368 100315 X X X
edge_2811 79923 X X X
edge_367 60207 X X X
edge_2812 47958 X X X
edge_2003 47220 X
edge_2813 20176 X
edge_2044 8698 X
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3.3.3. Mitochondrial genome assembly

The organelle genome assembly generated using the Flye (v2.9.2;
Kolmogorov et al., 2019) yielded 13 contigs (Fig. 3.2C). Four of these
contigs were found to contain mitochondrial genes based on annotation
using GeSeq (v2.03; Tillich et al., 2017) with the C. breviculmis (Xu et
al., 2023b) as a reference. Among these, three contigs (edges 7, 8, and
13) were linked and had high sequence coverage (>10x), while the
remaining independent contig (edge 6) had low sequence coverage (4x).
These three fragments were extracted as a circular DNA sequence using
Bandage software (v0.8.1; Wick et al., 2015), and subsequently polished
with short—read data using FMLRC (v1.0.0; Mak et al., 2023; Zhou et al.,

2023).

- 102 —



(A)

(B) (©)

Fig. 3.2. Bandage graphs from each step of the mitochondrial genome
assembly of C. pseudochinensis using POLAP. (A) Graphs of a long—read
whole—genome assembly. (B) A graph of potential mitochondrial—
derived contigs, which is indicated as a circle in the whole—genome
assembly graphs (A). The contigs, except for edge 1469, were used as

seed contigs for the organelle genome assembly.
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Fig. 3.2. (Continued) Edge 1469 was excluded as it did not have any
gene annotations. (C) Graphs of mitochondrial—genome assembly based

on the seed contigs of the graph in (B). All figures were generated using

Bandage (Wick et al., 2015).
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3.3.4. Polishing and verification

The assembled mitochondrial genome was polished using short—
read data to enhance its accuracy. Furthermore, the consistency of
sequencing depth across the mitochondrial genome assembly was
verified by mapping both short—read (Fig. 3.3A) and long—read data
(Fig. 3.3B) using Minimap?2 (v2.24; Li, 2018) and Geneious Prime

(v2024.0.5; Kearse et al., 2012).

The final assembled mitochondrial genome is 997,628 base pairs
long, with a GC content of 41%, comprising 28% A, 20% C, 20% G, and
32% T. The genome contains 57 genes in total, including 31 protein—
coding genes, 6 ribosomal RNAs, and 20 tRNAs. Notably, the nadl, nad?,
and nadb underwent trans—splicing, and the number of trans—spliced
elements in each gene was consistent with that of C. breviculmis (nadl,
3; nadZ, 4; nadb, 3). The final circular genome map for the C.
pseudochinensis mitochondrial genome was visualized using OGDRAW

software (v1.3.1; Greiner et al., 2019) (Fig 3.4).

The mitochondrial genome also includes two large regions of
536.94 kbp and 419.04 kbp, along with direct repeat regions. These
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repeat regions consist of two pairs, measuring 20,276 bp and 8,742 bp,
respectively, and include the rrni8 and rrn26. Repeats were detected
using the Repeat Finder tool in Geneious Prime (v2024.0.5; Biomatters
Ltd., Auckland, New Zealand; Kearse et al., 2012) with the following
settings: Minimum repeat length: 1,000 and Maximum repeats

(approximate) to find: 10,000.
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Fig. 3.3. Sequencing coverage of short—reads (A) and long—reads (B)
against the final assembled mitochondrial genome was analyzed using
Minimap2 (Li, 2018) through the Geneious Prime (v2024.0.5; Biomatters
Ltd., Auckland, New Zealand; Kearse et al., 2012). Only the upper part of

the mapped long reads was displayed.
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Fig. 3.4. Circular genome map of the mitochondrial DNA of C.
pseudochinensis. Three trans—spliced genes, nadl, nad?, and nadb, are
indicated by different special characters, *, #, and @, respectively. Blue

arrows indicate direct repeats.
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3.3.5. Phylogenetic analysis and structural divergence of Carex

mitochondrial genomes

The phylogenetic tree of nine monocot mitochondrial genomes was
reconstructed, with Arabidopsis thaliana used as an outgroup (Fig. 3.5;
Table 3.3). Among the six Cyperaceae species, C. pseudochinensis and
C. breviculmis clustered closely, indicating a close phylogenetic
relationship based on 33 protein—coding genes, with strong support
values across all nodes. For stability in the phylogenetic analysis, genes
shared by five or fewer species (rpl2, rpl10, rpl/14, and rps2A) were
excluded, and one duplicate gene per group was randomly selected for
inclusion. Despite this close phylogenetic relationship, the mitochondrial
genome structures of C. pseudochinensis and C. breviculmis exhibited
distinct differences in gene arrangement, composition, and the presence

of duplicated homologous genes (Fig. 3.6).
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Table 3.8. The best amino—acid substitution models for 33 coding genes
used in the phylogenetic analyses of IQ—=TREE (Minh et al., 2020) with

the partition model (Chernomor et al., 2016)

Number Gene  Best model | Number Gene Best model
1 atp9 cpREV 18 nad3 Q.bird+G4
2 ccmB Q.bird+I 19 rpsi2 cpREV
3 atpb VT+I 20 cemC FLAVI+R2
4 nad6  cpREV+R2 21 ccemFn  Q.mammal+G4
5 mttB cpREV+G4 22 nad4L cpREV
6 rpll6 JTT 23 atp4 Q.mammal+I
7 nad9 Q.bird+G4 24 rps19  JTTDCMut+G4
8 atpl  Q.plant+I+R2 25 cox3 cpREV
9 cox2 JTT+R2 26 nad5  cpREV+F+G4
10 rps7 HIVb+G4 27 rps4 cpREV+F+R2
11 cox]  mtZOA+R2 28 rpsli3 cpREV+R2
12 cob cpREV+I 29 nadl cpREV
13 rpl5 cpREV+I 30 nad?2 HIVw+F
14 nad4 HIVw+F+G4 31 rpsl cpREV+G4
15 matR  cpREV+G4 32 rps3 cpREV+G4
16 nad7 Q.bird 33 cemFc Q.mammal
17 atp8 cpREV
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3.4. Discussion

The mitochondrial genome of C. pseudochinensis was successfully
assembled using the POLAP. The complex structure and polymorphism
of plant mitochondrial genomes, especially those of the Cyperaceae,
present a challenge for constructing “master” genome sequences. Our
initial attempts to assemble the C. pseudochinensis mitochondrial genome
using the ptGAUL (v1.0.5; Zhou et al., 2023), with C. breviculmis (Xu et
al., 2023b) as a reference, were unsuccessful, likely due to structural
and sequence differences between the two species (Fig. 3.6; Fig. 3.7).
This outcome aligns with previous observations that assembling
Cyperaceae mitochondrial genomes is particularly challenging. The
assembled mitochondrial genome for C. pseudochinensis was validated by
ensuring uniform sequencing coverage across the genome, confirmed
through the mapping of short— and long—read sequences using Minimap2
(v2.24; Li, 2018) and Geneious Prime (v2024.0.5; Kearse et al., 2012)
(Fig. 3.4A). The mitochondrial genome of C. pseudochinensis generated
in this study provides a foundation for understanding structural evolution
in the genus Carex and offers valuable insights for delineating species

boundaries.
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In conclusion, POLAP presents a valuable alternative for assembling
plant organelle genomes with high structural complexity and numerous
repeat sequences. While ptGAUL is generally effective for chloroplast
genome assembly, it relies on the presence of a reference genome to
guide its assembly. This dependency becomes a significant limitation in
the case of Carex, where substantial structural variation exists even
within the same genus. Such extensive variations make it challenging to
assemble chloroplast genomes accurately using ptGAUL, as any
reference genome struggles to accommodate the unique structural
rearrangements found in Carex. By contrast, POLAP circumvents this
issue through a reference—free approach, constructing its assembly
solely from the organism’ s own sequence data. This capability makes
POLAP particularly advantageous for Carex chloroplast genomes, where
high structural variability would otherwise hinder assembly. Overall,
POLAP stands out as a robust tool for advancing future studies on

mitochondrial and chloroplast genomes in this genus.
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Fig. 3.7. Assembly graph of the mitochondrial genome of C.
pseudochinensis generated using the ptGAUL (v1.0.5; Zhou et al., 2023)
approach, with the C. breviculmis mitochondrial genome as a reference.
This method did not yield a single master genome sequence for C.
pseudochinensis, likely due to structural and sequence dissimilarities.

The figure was produced with Bandage (Wick et al., 2015).
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4. Conclusion

This research contributes foundational knowledge regarding the
structural evolution and instability of chloroplast genomes in Carex. The
findings illustrate the high levels of repetitive sequences, particularly
short dispersed repeats (SDRs) and long repeat sequences, which are
major drivers of genomic rearrangements and instability. These
structural complexities have significant implications for understanding
the adaptive evolution of Carex and its ecological diversification within
Cyperaceae. Moreover, the use of synteny analysis to incorporate larger
genomic structures into the phylogenetic framework has proven effective
in elucidating evolutionary relationships that are not easily captured by

analyses limited to individual genes or smaller genomic regions.

The mitochondrial genome analysis of C. pseudochinensis further
underscores the high structural plasticity within the genus, reflecting the
challenges of assembling organelle genomes with substantial repetitive
content. The successful application of the POLAP for mitochondrial
genome assembly demonstrates the necessity of using reference—free
methods for complex taxa like Carex, where high structural variability

can complicate reference—based assembly approaches. These
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advancements pave the way for more accurate genomic studies and
improve our understanding of evolutionary adaptation and speciation

processes within Cyperaceae.

In conclusion, this study highlights the need for further research into
the diverse subgenera of Carex, especially beyond subgenera
Siderosticta, Vignea, and Carex. The current research was limited to
these subgenera due to their prevalence in Korea, as depicted in Figure
1.2. However, to gain a more comprehensive understanding of the
evolutionary dynamics and structural variations within Carex, it is
essential to include species from the remaining subgenera and a wider
range of clades. Expanding the study to other subgenera, such as
Psyllophorae, Euthyceras, and Uncinia, will provide valuable insights into
the full spectrum of genetic diversity and evolutionary adaptations within

this complex genus.

Overall, this study provides a crucial stepping stone for future
research into the molecular evolution of Carex. By incorporating
additional subgenera and employing both molecular and morphological
approaches, future studies can refine the phylogenetic framework of

Carex and contribute to a more nuanced understanding of its structural
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diversity, evolutionary trajectories, and ecological significance.
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