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Abstract

Objective: This work aimed to report the first complete mitochondrial genome (mitogenome) of Rheum palmatum, summ@
the features of Caryophyllales mitogenomes, and to reveal the potential of utilizing the mitogenomes of R. palmatum and other
Caryophyllales species for inferring phylogenetic relationships and species identification.

Methods: Both lllumina short reads and PacBio HiFi reads were utilized to obtain a complete mitogenome of R. palmatum.
A variety of bioinformatics tools were employed to characterize the R. palmatum mitogenome, compare the reported
mitogenomes in Caryophyllales and conduct phylogenetic analysis.

Results: The mitogenome of R. palmatum was assembled into a single master circle of 302,993 bp, encoding 35 known
protein-coding genes, 18 transfer RNA genes, and three ribosome RNA genes. A total of 249 long repeats and 49 simple
sequence repeats were identified in this mitogenome. The sizes of mitogenomes in Caryophyllales varied from 253 kb to
11.3Mb. Among them, 23 mitogenomes were circular molecules, one was linear, and one consisted of relaxed circles, linear
molecules, and supercoiled DNA. Out of the total mitogenomes, 11 were single-chromosome structure, whereas the remaining
14 were multi-chromosomal organizations. The phylogenetic analysis is consistent with both the Engler system (1964) and the
Angiosperm Phylogeny Group Ill system.

Conclusions: We obtained the first mitogenome of R. palmatum, which consists of a master circle. Mitogenomes in
Caryophyllales have variable genome sizes and structures even within the same species. Circular molecules are still the dominant
pattern in Caryophyllales. Single-chromosome mitogenomes account for nearly a half of all the mitogenomes in Caryophyllales,
in contrast to previous studies. It is feasible to utilize mitochondrial genomes for inferring phylogenetic relationships and

conducting species identification.

Graphical abstract: http://links.lww.com/AHM/A71.
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Introduction

Rbheum  palmatum L. belonging to the order
Caryophyllales is a Chinese endemic plant exhibiting a
broad distribution in Chinal'l. As one of the main sources
of Rhei Radix et Rhizoma (or da-huang), it has been
widely used as a drastic purgative in traditional Chinese
medicine®. Scientific studies have also discovered lots
of beneficial properties of R. palmatum. As reported, R.
palmatum contains a variety of bioactive components
such as aloe emodin, chrysophanol, rhein, emodin, and
physcion®®), which have been shown to exhibit signifi-
cant anti-inflammatory!®-®., anti-viral®! and anti-tumor
activities!!-12],

The order Caryophyllales consist of approximately
12,500 species encompassing tropical trees to temperate
annual herbs, accounting for roughly 6% of the total
diversity of flowering plant species!'3l. The high diversity
of growth patterns and ecological adaptations renders
Caryophyllales a prime candidate for exploring the evo-
lution of genes and genomes!'l.

Mitochondrion is a crucial organelle in eukaryotic
cells, serving as the powerhouses of the cell and orches-
trating lots of essential processes. Its indispensable sig-
nificance not only lies in producing energy to fuel a
variety of essential cellular activities including growth,
metabolism, and movement but also extends to types

323


http://links.lww.com/AHM/A71
mailto:jysong@implad.ac.cn
mailto:zhulingping@cdutcm.edu.cn
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

IISTSHIBA+ZM8AAAAYO/FIAEIDPIASALLIAIPOOAEIEAHIDII/ADOA

UMY TXOMADYOINXZOHISABZIY T +eyNIOITWNOIZTABNHIRSHNAYE Ag Wiye/wod mm| sfeulnol//:dny woly pspeojumoq

120¢/5¢/10 uo

Gao etal. ® Volume 3 ® Number 4 e 2023

of important metabolic pathways, signaling cascades,
cell apoptosis, and genetic inheritance of eukaryotic
cells!">-1¢l, The crucial role of mitochondria in cell vital-
ity dictates that even minor changes at the genetic level
may exert significant influences on the speciation and
phenotypic traits of organisms. Therefore, the charac-
terization and comparison of mitochondrial genomes
(mitogenome) are highly significant and also hold great
potential for revealing evolutionary relationships and
the molecular identification of various organisms. Due
to the rapid advancement of sequencing techniques,
numerous mitogenomes of medicinal plants have been
released"”2%, They not only deepened our understanding
toward the basic characteristics of the mitogenomes of
medicinal plants?'-2?! but also provided useful informa-
tion for evolution history?** and molecular identifica-
tion research?’l, However, despite abundant phylogenetic
and molecular identification studies based on transcrip-
tomes or chloroplast genomes in Caryophyllales!!3-14261,
studies utilizing mitogenomes remain scarce, with the
limited number of published mitogenomes being a sig-
nificant contributing factor. So far, only around 20
mitogenome assemblies of species in Caryophyllales
have been released, among which only three mitoge-
nomes in Polygonaceae and one mitogenome in Rheum
have been reported. In particular, mitogenomes for the
three Chinese official genuine sources of Rhei Radix et
Rhizoma, namely R. palmatum, Rheum tanguticum, and
Rheum officinale have not been reported. Among these
sources, R. palmatum is the most commonly used?”.
Therefore, our study focused on obtaining the complete
mitogenome of R. palmatum to shed light on its unique
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mitogenome characteristics and comparing the reported
mitogenomes in Caryophyllales to identify their com-
mon features. Additionally, this study further explored
the feasibility of using the mitochondrial genomes of R.
palmatum and other Caryophyllales species for inferring
phylogenetic relationships and species identification. The
findings from this research will provide valuable refer-
ence information for effectively utilizing the resources of
R. palmatum and other species in Caryophyllales.

Materials and methods
Materials

The fresh leaves of R. palmatum were collected from
Lixian, Gansu, China. The R. palmatum plant used in
this work was identified by Professor Yulin Lin from the
Institute of Medicinal Plant Development, Peking Union
Medical College and Chinese Academy of Medical
Sciences. A total of 25 mitogenomes for 20 species in
Caryophyllales (Table 1), and three mitogenomes for
Actinidia latifolia, Saurauia tristyla and Saussurea
inversa were obtained from NCBI database (https://
www.ncbi.nlm.nih.gov/).

Methods

DNA extraction, sequencing, and assembly

The total genomic DNA were extracted from the fresh
leaves of R. palmatum using a modified cetyl-trime-
thylammonium-bromide (CTAB) protocol®?®. The
extracted genomic DNA was then made into SMRTbell

Sizes and structures of reported mitogenomes in Caryophyllales

Sequencing Chromosome Chrromosome Total size, Accession
Family Species platform numbers structures bp number
Polygonaceae Rheum palmatum Pl 1 Circular 302,993 OR148905
Rheum rhabarbarum | 3 Circular 326,804 0Q754376~8
Fallopia multifiora | 2 Circular 312,450 MF611850~1
Fagopyrum esculentum cultivar Dasha P 10 Circular 404,063 MT318701~10
Caryophyllaceae  Agrostemma githago R 1 Circular 262,903 NC_057604
Silene vulgaris-assembly KRA R 5 Various* 404,739 MH455602~6
Silene vulgaris-assembly S9L R 7 Circular 421,903  JQ771310~6
Silene vulgaris-assembly KOV R 6 Circular 361,139  JQ771300~5
Silene vulgaris-assembly MTV R 4 Circular 428,959  JQ771306~9
Silene vulgaris-assembly SD2 R 4 Circular 427 138 JF750427~30
Silene latifolia R 1 Circular 253,413 NC_014487
Silene noctiflora R 63 Circular 7,137,666 KP053825~87
Silene noctiflora R 59 Circular 6,727,869  JF750431~89
Silene conica R >128 Circular 11,318,000 JF750490~629
Nyctaginaceae Mirabilis jalapa | 1 Circular 267,334 NC_056991
Mirabilis himalaica | 1 Circular 346,363 NC_048974
Bougainvillea spectabilis | 1 Circular 343,746 NC_056281
Bougainvillea glabra P 3 Circular 322,663 MN432175
MN432177~8
Amaranthaceae Chenopodium quinoa Pl 1 Circular 315,003 NC_041093
Spinacia oleracea | 1 Circular 329,613 NC_035618
Chenopodium album P 1 Linear 312,951 0X419235
Amaranthus tricolor P 3 Circular 382,432 OP177683~5
Alternanthera philoxeroides | 1 Circular 283,258 MN166292
Tamaricaceae Myricaria elegans Pl 2 Circular 416,354 0P429117~8
Aizoaceae Tetragonia tetragonioides | 1 Circular 347,227 MW971440

I: llumina; P: PacBio; R: Roche/454.

“The mitogenome of Silene vulgaris KRA consists of circles, linear molecules, relaxed circles, and supercoiled DNA.
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library using Express Template Prep Kit 2.0 from PacBio
according to the manufacturer’s protocol and subse-
quently sequenced on a Sequel II (Pacific Biosciences,
USA). The same batch of DNA was used to con-
struct Illumina sequencing libraries and subsequently
sequenced on an Novaseq 6000 (Illumina, USA) with
150 base pair (bp) paired-end reads length. To improve
assembly reliability, we used two strategies to assem-
ble the R. palmatum mitogenome. In the first strategy,
the short clean reads were de novo assembled with
GetOrganelle v1.6.41°] potential mitochondrial contigs
were extracted by aligning against the mitochondrial
protein-coding genes (PCGs) from plant mitogenome
database (ftp://ftp.ncbi.nlm.nih.gov/refseq/release/
mitochondrion/) with BLAST v2.8.1 (National Library
of Medicine, USA) + 1%, Then, the putative long mito-
chondrial reads were baited by mapping the PacBio
long reads to the potential mitochondrial contigs using
BLASR v5.1 (Pacific Biosciences, USA)B'. Finally, the
putative long mitochondrial reads were assembled by
Canu v2.1.1 (Maryland Bioinformatics Labs, USA)2.. In
the second strategy, all PacBio long reads were assem-
bled de novo by Canu directly. Subsequently, we used
Burrows-Wheeler Alignment tool (BWA)P3 to map the
short clean reads to the draft contigs and improved the
draft contigs with Pilon v1.22 (Broad Institute of MIT
and Harvard, USA)B4, Then, MUMmer 3.23 (Maryland
Bioinformatics Labs, USA)P*! was used to check whether
these contigs were circular. Finally, the corrected contigs
obtained from the above two assembly strategies were
aligned with each other using MUMmer.

Genome annotation

The mitochondrion genes were annotated using the
on-line GeSeq"® tool with default parameters to predict
PCGs, transfer RNA (tRNA) genes, and ribosome RNA
(rRNA) genes. The position of each coding gene was
determined by using BLAST searches against reference
mitochondrial genes. Manual corrections of genes for
start/stop codons and for intron/exon boundaries were
performed in SnapGene Viewer by aligning against the
reference mitogenome. The mitogenome map of R. palma-
tum was drawn by using the OrganellarGenomeDRAW
(OGDRAW)B7 tool. Functional annotations were per-
formed by using sequence-similarity Blast searches with
a typical cutoff E-value of 10-° against several publicly
available protein databases": NCBI non-redundant (Nr)
protein database, Swiss-Prot, Clusters of Orthologous
Groups, Kyoto Encyclopedia of Genes and Genomes,
and Gene Ontology terms.

Codon usage analysis

We utilized the cusp software EMBOSS v6.6.0.0
(European Bioinformatics Institute, UK)B¥ to analyze
the codon usage of R. palmatum mitogenome. By calcu-
lating Relative Synonymous Codon Usage (RSCU), we
obtained codon preference values. A codon’s RSCU value
of 1.00 indicates no preference; an RSCU value greater
than 1.00 signifies relatively high frequency usage, while
an RSCU value less than 1.00 indicates relatively low-fre-
quency usage.
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Repeats identification

Forward, reverse, palindromic,and complementary repeat
sequences were determined by using the REPuter soft-
ware  (https://bibiserv.cebitec.unibielefeld.de/reputer/).
The parameters were configured as follows for the long
repeat sequence analysis: the Minimal Repeat Size was
set to 30 bp, the Hamming distance was set to 3, and the
Maximum Computed Repeats was set to 5,000 (equiv-
alent to a significance threshold of 1e-3). The identifica-
tion of simple sequence repeats (SSRs) was performed
by using the on-line Microsatellite identification (MISA)
tool (https://webblast.ipk- gatersleben.de/misa/). The
parameters were set as follows for SSR analysis: defi-
nition (unit size, min repeats): 1-10, 2-5, 3-4, 4-3, 5-3,
6-3. Additionally, a minimum distance of 100 bp was set
between two SSRs.

Phylogenetic inference

A total of 13 species from Caryophyllales, Ericales, and
Asteraceae were selected to construct a phylogenetic
tree, including four species in Polygonaceae (Fallopia
multiflora, Fagopyrum esculentum, Rbheum rhabarba-
rum, and R. palmatum), two species in Amaranthaceae
(Chenopodium  quinoa and  Spinacia  oleracea),
Actinidiaceae (Actinidia latifolia and Saurauia tristyla),
and Nyctaginaceae (Bougainvillea spectabilis and
Mirabilis jalapa), and one species in Caryophyllaceae
(Agrostemma githago), Aizoaceae (Tetragonia tetragonoi-
des), and Asteraceae (Saussurea inversa). Among them,
Actinidia latifolia, Saurauia tristyla, and Saussurea
inversa were used as outgroups. Twenty orthologous
PCGs were identified and extracted from the mitoge-
nomes of R. palmatum and the other 12 species using
PhyloSuite (v1.2.1)). Then, the extracted nucleotide
sequences were aligned using MAFFT v7.450 (Research
Institute for Microbial Diseases, Japan)*°! implemented
in PhyloSuite. These aligned nucleotide sequences were
subsequently concatenated and then partitioned by
ModelFinder*!. We conducted a Bayesian inference (BI)
analysis using MrBayes v3.2.6 (National Bioinformatics
Infrastructure, Sweden)*?, employing the Markov Chain
Monte Carlo method for 500,000 generations. Trees
were sampled every 100 generations. The initial 25% of
trees were discarded as burn-in, whereas the remaining
trees were used to generate a consensus tree.

Results
Characteristics of the mitogenome of R. palmatum

Based on Illumina short reads and PacBio HiFi long reads,
the mitogenome of R. palmatum was assembled into a
master circle of 302,993 bp with a GC content of 45.23%
(Figure 1). The base composition of the mitogenome was
A (27.25%), T (27.52%), C (22.58%), and G (22.65%).
The mitogenome of R. palmatum contained 35 known
PCGs, 18 tRNA genes and 3 rRNA genes (Table 2). PCGs
constituted 10.19% (30,885 bp) of the total mitogenome
length, with an average gene length of 882bp. Among
18 tRNA genes, trnM-CAU was found quintuplicated,
and trnH-GUG was duplicated. All three rRNA genes of
R. palmatum mitogenome were duplicated as well.
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Figure 1. The mitochondrial genome map of R. palmatum. Clockwise transcription is observed for genes positioned on the outer side of the circle,
whereas counter-clockwise transcription is observed for genes positioned on the inner side.

We computed the codon usage of PCGs in the R. pal-
matum mitogenome based on RSCU values. The results
revealed that the mitogenome of R. palmatum contained
a total of 64 codons, with 61 codons encoding 20 amino
acids, and the remaining three serving as stop codons.
Among all amino acid codons, those encoding Arginine
(Arg, R), Leucine (Leu, L), and Serine (Ser, S) were the
most abundant, whereas codons encoding Methionine
(Met, M) and Tryptophan (Trp, W) were the least fre-
quent. There were 28 codons with RSCU values > 1,
of which 27 ended with A/T bases. Additionally, there
were 31 codons with RSCU values < 1, with 28 of them
ending with G/C bases. These findings suggested a pref-
erence for A/U-ending codons over G/C-ending codons
in the R. palmatum mitogenome. Codons encoding Met
and Trp each had only one form, with an RSCU value of
1, indicating no usage preference (Figure 2).
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SSRs, also known as microsatellite sequences, are
widely present in the mitogenome. In the current study,
we identified 49 SSRs from R. palmatum mitogenome,
including mono-, di-, tri-, tetra-, and pentanucle-
otides with numbers of 17, 11, 6, 13, and 2, respec-
tively (Figure 3A). No hexanucleotide was detected.
Mononucleotides were the most abundant type of SSRs
in the R. palmatum mitogenome, among which A/T
repeats accounted for 94.1% of all the mononucleotides.
In all types of SSRs, A and T were always the most com-
monly used bases. Repeats with a length of 30 bp or more
are called long repeats. Long repeats are important com-
ponents mediating homologous recombination in plant
mitogenomes!*l. In the R. palmatum mitogenome, a
total of 249 long repeats were identified, comprising 163
forward (or direct) repeats and 86 palindromic repeats
(Figure 3B). No reverse or complement repeats were
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Gene composition in the mitogenome of R. palmatum

Category Gene type Gene names
Electron transport Complex | nadl, nad?, nad3, nad4, nad4L, nadb, nade, nad7, nac9
and ATP synthesis Complex Il sdh3, sdh4

Complex lll cob

Complex IV cox1, cox2, cox3

Complex V aip1, aipd, atp6, atp8, atp9

Cytochrome ¢ biogenesis

ccnmB, ccmC, ccmFC, ccmPN

s, ms3, 1psa, s, ps12, ms13, sl4

trnA-UGC, trnC-GCA, trnD-GUC, trnE-UUC, trnF-GAA, trnG-GCC, trnH-GUG, frnl-GAU, trnK-UUU,

traM-CAU, trN-GUU, trmP-UGG, trnQ-UUG, trnS-GCU, trnS-UGA, trmV-GAC, trmW-CCA, trmY-GUA

Transcription and Ribosome large b, ph6
translation subunit
Ribosome small
subunit
RNA genes Ribosomal RNAs rm 8, 26, rmb
Transfer RNAs
Other genes Maturase mamR
Methyltransferase miB

RSCU

Ala

Arg Asn  Asp Cys GIn Glu Gly His

(eec) [ose] (anc] [eac] (rec] [oae] (sae) (soc) (cac) (arc] (me) (ans)  (ime) (eoo) (rec] (ace]  [mac] (ere)

= =)
=)
=)

=)

lle

Leu Lys Met Phe Pro Ser Thr Trp Tyr Val

=) =) (=)
=1
=)

GTA

Figure 2. Codon preference map of the mitochondrial genome of R. palmatum. The Relative Synonymous Codon Usage (RSCU) is used to reflect
the degree of codon preference. Codons are ranked below their corresponding amino acids in descending order of RSCU values.

detected. Among these repeats, there were 234 sequences
with lengths less than 100 bp (Figure 3C), 13 sequences
ranging from 100 to 400 bp, and two exceptionally long
sequences measuring 3,344 and 8,993 bp, respectively
(Figure 3D, Table 3). The length distribution map of long
repeats in the R. palmatum mitogenome demonstrated

327

that repeats with lengths less than 35bp accounted for
the largest part in the mitogenome.
Comparative analysis of species in Caryophyllales

Only one mitogenome assembly of R. rhabarbarum
has been previously reported within the Rheum genus
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Figure 3. Distribution of different types or lengths of repeats in the mitogenome of Rheum palmatum. (A) Distribution of different types of SSRs.
(B) Distribution of different types of long repeats. The numerical value of the Hamming distance represents the count of different bases between
long repeat pairs. (C) Distribution of different lengths of long repeats. (D) Length distribution of long repeats longer than 100bp. Di: Dinucleotide
repeats; Hexa: Hexanucleotide repeats; Mono: Mononucleotide repeats; Penta: Pentanucleotide repeats; SSRs: Simple sequence repeats; Tetra:

Tetranucleotide repeats; Tri: Trinucleotide repeats.

(Table 1). Compared to the mitogenome of R. rhabarba-
rum (327kb), the R. palmatum mitogenome is smaller
in size. Correspondingly, the mitogenome structure of
R. palmatum (one circular molecule) is simpler than
R. rhabarbarum (three circular molecules). Despite the
structural differences, they share almost the same types
of PCGs in their mitogenomes, whereas R. rbabarbarum
exhibited more copies number of several genes including
nadl, nad2, nad$5, rrn5, and sdh4.

In the family Polygonaceae, the mitogenome assem-
blies of Fal. multiflora*¥ and Fag. esculentum*! have
been published previously, with genome sizes of 312
and 404 kb and consisting of two and 10 chromosomes,
respectively. Compared to the three previously reported
mitogenomes, the R. palmatum mitogenome possessed
the smallest size and fewest chromosomes. In addition,
the four Polygonaceae species shared similar types of
conserved PCGs, excepting that Fal. Multiflora has lost
the sdh3 gene, and Fag. esculentum has lost the sdh3
and rpl16 genes. Moreover, they exhibit large variations
in the copies number of many genes, including ccmFC,
nadl, nad2, nad5, nad7, rpsl, rps3, rrnS, rrnl8, rrn2é6,
and sdh4 (Table 4).

In the order Caryophyllales, the sizes of mitoge-
nomes varied from 253kb* to 11.3 Mb*”). Among the
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25 reported mitogenome assemblies for 20 species in
Caryophyllales, 23 genome assemblies were circular mol-
ecules, one (Chenopodium album) was linear, and one
(Silene vulgaris KRA)*# consisted of a combination
of circles, relaxed circles, linear molecules, and super-
coiled DNA. Out of the total mitogenome assemblies,
11 were single-chromosome organization, whereas the
remaining 14 were multi-chromosomal organizations.
There were five assemblies reported for Si. vulgaris*s-51,
However, their mitogenome sizes of them varied from
361 to 429 kb. Four of the assemblies demonstrated that
the mitogenome of Si. vulgaris was composed of several
circular molecules, whereas one assembly showed that it
consisted of circles, relaxed circles, linear molecules, and
supercoiled DNA as mentioned above. Chromosome
numbers of the five assemblies were also different, which
were four, four, five, six, and seven, respectively. In addi-
tion, Si. noctiflora also had two mitogenome assemblies
with different sizes and chromosome numbers (Table 1).

Phylogenetic inference

A well-supported phylogeny of selected mitogenomes
of species in Caryophyllales was reconstructed with BI
posterior probabilities equal to one for the majority
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Distribution of repeat pairs (>100bp) in the mitogenome of R. palmatum

ID Length/bp Type Repeat A-start Repeat A-end Repeat B-start Repeat B-end
R1 8993 F 13,415 22,407 215,327 224,319
R2 3344 F 89,928 93,271 173,564 176,907
R3 318 F 23,914 24,231 279,962 280,279
R4 236 P 115,615 115,850 237,308 237,543
R5 181 F 35,679 35,859 281,927 282,107
R6 177 P 200,413 200,589 296,042 296,218
R7 174 F 69,240 69,413 117,141 117,314
R8 158 p 115,693 115,850 237,308 237,465
R9 155 F 35,705 35,859 281,953 282,107
R10 149 p 115,702 115,850 237,308 237,456
R11 130 F 226,940 227,069 281,040 281,169
R12 124 F 41,617 41,740 280,306 280,429
R13 114 P 191,075 191,188 292,192 292,305
R14 112 P 43,340 43,451 69,201 69,312
R15 102 F 32,156 32,257 115,143 115,244

F: Forward repeat; P: palindromic repeat.

Comparison of protein-coding genes of mitogenomes in

Polygonaceae
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“\/ (2/3/5)” means that this gene has two or three or five copies.
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Bougainvillea spectabilis

Mirabilis jalapa Nyctaginaceae
Tetragonia tetragonoides | Ajzoaceae
Chenopodium quinoa

CE NG Amaranthaceae

Agrostemma gitiago | Caryophyllaceae

Rheum palmatum
Rheum rhabarbarum
‘[—,—:F‘lﬂaﬂa ’ Polygonaceae
Actinidia latifalia
Saurauia tristyla Outgroups

Saussurea inversa

Figure 4. Phylogenetic relationships of Rheum palmatum with other
nine plants in Caryophyllales. This tree was constructed based on the
nucleotide sequences of 20 conserved mitochondrial protein-coding
genes, including atp1, atp4, atp6, atp8, atp9, ccmB, ccmC, ccmFC,
ccmFN, cox2, cox3, nad3, nad4, nad4l, nadb, nad6, nad7, nad9,
matR, and rps3. Actinidia latifolia and Saurauia tristyla from Ericales
and Saussurea inversa from Asterales were used as outgroups.

of nodes. The phylogenetic tree demonstrated a clus-
tering of R. palmatum, R. rhabarbarum, Fag. esculen-
tum, and Fal. multiflora, all of which belonged to the
family Polygonaceae. Other clades were also consistent
with both the Engler system (1964) and the Angiosperm
Phylogeny Group III (APG III) system!*?! (Figure 4).

Discussion

In this study, we reported the first complete mitogenome
of R. palmatum, which consists of a single master circle.
The mitogenome contains a complete set of 24 highly
conserved mitochondrial genes involved in electron
transport and ATP synthesis!®! and seven variable genes
encoding ribosomal proteins!?!l. Despite the presence of
two significantly large repeat pairs in the mitogenome,
no recombination events were observed. This is in con-
trast to its closely related species, R. rhabarbarum, which
was reported to possess a flexible mitogenome consist-
ing of three circular chromosomes. Previous studies have
shown that the lengths of repeats are positively cor-
related with the recombination activity*>=**. In R. pal-
matum mitogenome, the prevalence of shorter repeats
(Figure 3C) may contribute to its low recombination
activity. Another notable characteristic of the R. pal-
matum mitogenome is the prevalence of A/T SSRs. A/T
repeats accounts for 94.1% of all the mononucleotides
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and in all types of SSRs, A and T are always the most
commonly used bases. This bias toward A/T bases is con-
sistent with the chloroplast genome of R. palmatum, sug-
gesting a similar base composition preference between
the two organelles®’!,

The comparative analysis of mitogenomes in
Caryophyllales revealed highly diverse sizes and struc-
tures. The sizes of plant mitogenomes are generally
200-700kb™!. Most of the reported mitogenomes in
Caryophyllales fall within the range except for Si. noc-
tiflora and Si. conica. Two reported mitogenome assem-
blies of Si. noctiflora exhibited mitogenome sizes of 7.1
and 6.7 Mb, and the size of Si. conica mitogenome is up to
11.3 Mb. Despite their huge mitogenomes, 99% of their
genome expansion comes from intergenic sequences, and
only 1% of these sequences come from chloroplasts and
genomes, with the origin of the remaining sequences still
a question needed to be further researched?>*l. While
recent research suggested that genome-sized circular
molecules are rare and mitogenomes with various iso-
forms are more common, this study found that 45.8%
of mitogenomes in Caryophyllales exhibit a single cir-
cular structure. It is worth noting that more than a half
of these single circular mitogenomes were obtained
using Illumina sequencing with relatively short read
lengths, which may not have captured the complete iso-
form information?*2!l, Therefore, further clarification
of this issue may require more long-read sequencing
data, comparative analysis and experimental evidence.
Additionally, despite the presence of linear, branched,
and supercoiled DNA molecules observed in this study
and previous research, circular structures remain domi-
nant in the Caryophyllaceae mitogenomes!?'-22,

In our study, it is demonstrated that the phylogenetic
relationships established based on the mitogenome of R.
palmatum and other nine mitogenomes in Caryophyllales
were in concordance with the commonly used Engler
system (1964) and APG III system, indicating the fea-
sibility of analyzing the evolutionary relationships by
using mitochondrial genomes. Besides, due to the lower
evolution rate of protein-coding sequences in the plant
mitogenomes compared to the chloroplast and nuclear
genomes, mitogenomes were long considered unsuitable
for molecular identification markers>>5¢71, However,
this perspective overlooked the substantial intergenic
regions that constituted a major portion of the mitog-
enomes. Our study on the Caryophyllales demonstrated
significant structural and size differences in the mito-
chondrial genomes even among closely related species
within the same genus. These differences were primar-
ily attributed to variations in the intergenic regions?>*7!,
Therefore, this study suggested that exploring markers
for molecular identification of Caryophyllales species
within the “dark matter” of mitochondrial genomes,
the intergenic regions, holds great potential. For closely
related species that were challenging to differentiate due
to hybridization, gene introgression, and other factors,
employing the mitochondrial genome as a “super-bar-
code” could also be an effective approach?*.

In conclusion, this study characterized the first com-
plete mitogenome of R. palmatum, provided import-
ant insights into the features of mitogenomes in
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Caryophyllales and revealed the feasibility of utilizing
the mitochondrial genomes of R. palmatum and other
Caryophyllales species for inferring phylogenetic rela-
tionships and species identification. These findings will
serve as a valuable reference for further research on
R. palmatum and other species in Caryophyllales.
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