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Abstract: The Plateau Hongliu (Myricaria elegans Royle.) is a woody shrub halophyte that thrives in
arid areas of western Tibet, in the Himalayan Mountains. It is acclaimed as superior in saline stress
acclimation and as a critical pharmaceutical resource of the Tibetan traditional herb. Nevertheless,
the mitogenome in the genus Myricaria remains unknown. Here, using the Illumina and PacBio
sequencing assays, the first complete mitogenome of the M. elegans revealed a multi-branched skeleton
with a total length of 416,354 bp and GC content of 44.33%, comprising two circular molecules (M1
and 2). The complete mitogenome annotates 31 unique protein-encoding genes (PEGs), fifteen
tRNAs, and three rRNA genes. The UAA exhibits the most prominent codon usage preference as a
termination, followed by UUA codons for leucine. The mitogenome contains 99 simple sequence
repeats and 353 pairs of dispersed repeats, displaying the most frequent in palindromic repeats. Gene
transfer analyses identified 8438 bp of 18 homologous fragments from the plastome, accounting for
2.03% of the total length. Using the PREP suite, 350 C-U RNA editing sites were predicted, of which
nad4 and ccmB were on the top frequency. Syntenic and phylogenetic analyses suggested weakly
conserved patterns of M. elegans in Caryophyllales owing to the genome rearrangement. In summary,
the deciphered unique features and complexities of the mitogenome in M. elegans provide novel
insights into understanding the evolution and biological conservation underlying climate resilience
in halophytes.
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1. Introduction

The Myricaria elegans Royle. belongs to the family Tamaricaceae, namely Plateau
Hongliu (Tibetan: Hongbu), due to striking reddish-brown branchlets in barks, which
produce lateral inflorescences resembling spikes adorned with pink/purplish-red flow-
ers [1]. It is a xylophyta that grows at high altitudes (3500-4800 m) and is predominantly in
the China Tibet (Ngari Prefecture) and arid areas of western Himalaya (e.g., Ladakh and
Kashmir) [2]. They thrive in extreme climates and saline-alkaline lands, prompting them to
be the origin of the genus Myricaria to study genetic evolution and ecological adaptation to
harsh environments, particularly in high-altitude mountains [3]. During the ancient and
current ages, M. elegans was used by indigenous people in western Tibet as an ethnological
herb to alleviate injuries, including bruises, wounds, and burns [4]. The phytochemical
assay determined the enrichment of pentacyclic triterpenes, phenols, flavonoids, and other
bioactive constituents in fractions of dried aerial parts, implicating conspicuous pharmaco-
logical potentials of M. elegans in anti-nociception and anti-inflammation [5]. Despite the
ecological and pharmaceutical importance, the comprehensive genetic and molecular basis,
including the mitogenome and nuclear genome, have not been attempted in the M. elegans.

Forests 2024, 15, 835. https:/ /doi.org/10.3390/£15050835

https://www.mdpi.com/journal/forests


https://doi.org/10.3390/f15050835
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/forests
https://www.mdpi.com
https://orcid.org/0000-0001-7246-8815
https://orcid.org/0000-0002-4406-161X
https://orcid.org/0000-0003-4267-0574
https://doi.org/10.3390/f15050835
https://www.mdpi.com/journal/forests
https://www.mdpi.com/article/10.3390/f15050835?type=check_update&version=2

Forests 2024, 15, 835

2of 16

Plant cells integrate two energy-generating compartments, mitochondria and plastids,
originating from ancestors of symbiotic bodies in prokaryotes [6]. As semi-autonomous
and highly dynamic organelles, the mitochondria house their DNA, RNA, and ribosomes,
possessing independent replication, transcription, and translation systems that can produce
a few mitochondrial proteins [7]. Through oxidative phosphorylation, mitochondria pro-
vide essential energy (ATP) for driving cellular functions, and they also play crucial roles in
photorespiration, homeostasis, stress responses, and other diverse metabolic regulation [8].
Unlike nuclear genes, mitochondrial DNA usually has a matrilineal inheritance mode
rather than passing on through both parents in most terrestrial plants, suggesting host
population fitness and organellar genome stability [9]. The mitochondria’s unique cellular
structure and biochemical properties make them significant in diverse functions [10].

The plant mitogenome exhibits a more structural complexity and significant length
variation than animals due to the abundance of repetitive sequences [11]. The plant mi-
togenome was thought to hold a conventional, single-circular chromosomal structure
based on the widely-held view of the broad science community. However, many reports
suggest this is an inaccurate and outdated concept [12]. Undergoing genome replica-
tion, frequent homologous recombination, gene loss or transfer to the plastome or nu-
clear genome, and the conformation and size of plant mitogenome between different
lineages are variable [13,14]. Most of the plant mitogenome assembled displayed as a
single circular map reported in some plants, including Arabidopsis thaliana (L.) Heynh.,
Suaeda glauca (Bunge) Bunge., zucchini, and some crops [15-20]. A few cases exist where
the mitogenomes are linear DNA molecules or linear-circular combinations, as evidenced
in rice and spearmint [21,22]. Early renaturation DNA kinetics and polymorphism analysis
estimated that the size diversity of mitogenomes varied tremendously in different plants
or even among closely related species, ranging from 200 kb to 3 Mb [23]. However, the
complete sequences can be expanded from the minimal size of 66 kb (Viscum scurruloideum
Barlow.) to a large size of 11.3 Mb (Silene conica L.) using the advanced sequencing tech-
nique [24,25]. The mitogenome size is not linearly correlated with the number of encoded
genes but depends much on mutation rates that favor reduced/increased mitogenome size
and complexity [26].

The mitogenome contains many RNA editing sites and nucleotide sequence polymor-
phisms (repeats) associated with the variability and mitogenome recombination [27]. RNA
editing events typically maintain the conserved amino acids in essential proteins and gener-
ate new start or stop codons, affecting gene translation processes and altering the proteins’
length and function [28,29]. The horizontal transfer of homologous segments between
different genomes plays a crucial role in the evolution of the plant mitogenome. Exploring
variations and recombination based on the complete mitogenome offers advantages in
phylogenetic reconstruction, classification, and environment adaptation [30]. To achieve
this, we employed the Illumina integrated with PacBio sequencing technology to generate
the first high-quality mitogenome of the M. elegans with available accession IDs (OP429117
and OP429118) in GenBank. The de novo mitogenome assembly, annotation, and exten-
sive survey of the genetic backgrounds provide novel insight into the functional role in
DNA/RNA changes, plant evolution, and germplasm conservation in the genus Myricaria.

2. Materials and Methods
2.1. Plant Materials, DNA Extraction, and Sequencing

The fresh leaves of the M. elegans were collected from the Jiamu Hongliu Wetland
Park, Sengezangbu Town, Gar County (Nigari, Tibet), located at coordinates 32°27'13" N,
80°9'56" E, with an altitude of 4342 m. The voucher specimen (ID: ST20210502002) was
deposited in the herbarium of the Nanjing Forestry University, Nanjing, Jiangsu Province.
High-quality genomic DNA was isolated using the CTAB method [31]. The quality and con-
centration of DNA samples were evaluated with agarose gel electrophoresis and a Nanodrop
2000C Uv /Vis Spectrophotometer (Thermo, Waltham, MA, USA). The qualified DNA samples
were sent to Wuhan Benagen Technology Co., Ltd. (Wuhan, China, http://en.benagen.com/,
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accessed on 12 May 2022) using the hybrid platforms of the Illumina, NovaSeq 6000 (Illumina,
San Diego, CA, USA), and PacBio RS SMRT (Pacific Biosciences, Menlo Park, CA, USA) for
library construction and sequencing.

2.2. Mitogenome Assembly and Gene Annotation

The mitogenome was assembled using a hybrid assembly strategy using short-read
INlumina and long-read PacBio sequencing data. The sequence assembly of Illumina
short-reads was performed using the GetOrganelle software (v1.7.7.1 5 January 2023)
with default parameters to obtain a graphical plant mitogenome [32]. The assembled mi-
togenome was visualized using the Bandage software (v0.9.0 20 July 2015) to remove single
extended fragments from the plastome and nuclear genome [33]. The PacBio long-read
data were then compared to the graphical mitogenome fragments using BWA software
(v0.7.1 7 November 2017) to guarantee the accuracy of the assembled mitogenome [34].
The resulting PacBio sequencing data were used to resolve repetitive sequence regions
and ensure the consistency between the short-reads and long-reads in the final graphi-
cal mitogenome of M. elegans. The A. thaliana was selected as the reference genome for
annotating the protein-encoding genes (PEGs) that were conducted by using the Geseq
software (v2.03 18 December 2020) [35]. The tRNA genes of the mitogenome were anno-
tated using tRINAscan-SE software (v2.0.12 20 September 2021) [36]. The metagenomics
rRNAs were annotated using the HS-BLASTN software (v2.15.0 18 September 2015) [37].
Apollo software package (v2.7.0 2023.01.04) was used to correct the annotation errors in
each mitogenome (https://github.com/GMOD/Apollo/releases/tag/2.7.0, accessed on
12 April 2024).

2.3. Analysis of Codon Usage Bias and Sequence Repeats

RSCU measures the preference of a specific codon used among synonymous codons,
encoding the same amino acid with more significant values. The PEGs of the mitogenome
were extracted using the PhyloSuite software (v1.2.3 18 February 2023) [38]. The Mega X
software (v10.2.5 March 2021) was used to analyze mitochondrial PEGs for the codon usage
preference and RSCU values calculation [39]. The software of the MISA (v2.1 25 August
2020), TRF (v4.09 20 October 2022), and REPuter (v1.0 6 July 2016) were used to identify
the repetitive sequences, including the microsatellite sequence repeats (SSRs), tandem
repeats, and scattered repeats [34,40,41]. The results were visualized using the RCircos
package (v1.2.2 19 December 2021) [42]. The GetOrganelle software (v1.7.7.0 5 January 2023)
generated different conformations for the repeat region in a graphical mitogenome [32]. A
comparison of the long-read sequence and the repetitive sequences was performed using
BWA software to determine whether the repeat region has long-reads spanning and deduce
the primary structure in the mitogenome [34].

2.4. Sequence Migration Analysis

To identify the MTPTs, the plastome assembly was conducted using the GetOrganelle
software with default parameters [32]. The plastidic genes were annotated using the
CPGAVAS?2 online program (v2 31 March 2019) [43]. Homologous fragments (MTPTs)
between the plastome and mitogenome were analyzed using the HS-BLASTN software
with an e-value cutoff of 1 x 107° [37]. The gene transfer results were visualized using the
RCircos package in the TBtools software (v2.070 3 August 2020) [44]. The long-reads were
mapped by blasting the reference sequences (mitochondrial and flanking sequences) to
confirm the MTPTs using the BWA software [34]. The Tablet software (v1.21 8 February
2021) was used to visualize the sequence migration and homologous mapping [45].

2.5. Prediction RNA Editing Sites and Experimental Validation

The RNA editing events in the mitogenome were predicted based on the PREP suite
online program (v1.0 25 August 2009) [46]. The SnapGene (www.snapgene.com, accessed
on 1 January 2024) (v7.2.0 19 September 2024) was used to design primers for experimental
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evaluation of the RNA editing sites, as detailed in Table S13. DNA/RNA was extracted
using the DNA /RNAprep Pure Plant Plus Kit (TianGen, Beijing, China). The quality of
DNA/RNA samples was evaluated by a UV /Vis spectrophotometer, Nanodrop 2000C
(Thermo, Waltham, MA, USA). The cDNA was reverse transcribed from the extracted
RNA using the HiScript III 1st Strand cDNA Synthesis Kit (Yugong Biotech, Lianyungang,
China). The PCR amplification mix was loaded into the Mastercycler® nexus—PCR thermal
cycler (Eppendorf, Hamburg, Germany) and performed as an instruction described (2 pL
DNA/cDNA, 2 uL primers, and 25 pL 2 x Taq Master Mix) using the program (pre-
denaturation 95 °C, 3 min, denaturation 95 °C, 15 s, annealing 54 °C, 12 s, extension
72 °C, 15 s, 35 cycles, and the final extension 72 °C, 5 min). The PCR-amplified products
were subjected to 1.5% agarose gel electrophoresis, and those with the correct bands were
collected to sequence (Sangon, Shanghai, China). The blasted Sanger sequencing results
are provided in the Supplementary File S2.

2.6. Synteny and Phylogenetic Analysis

The multiple complete mitogenomes were collected and compared to investigate the
collinearity relationship between the genetically related species using the HS-BLASTN
software [37]. The homologous sequences over 500 bp were collected as conserved colinear
blocks to generate the multiple synteny plots using the MCscanX package (https://github.
com/wypl125/MCScanX, accessed on 12 April 2024) (vX 11 November 2013) [47]. For the
evolutionary analyses, the MAFFT software (v7.525 March 2024) was used for multiple
mitogenome sequence alignments [48]. The MrBayes software (v 3.2 1 August 2001) was
used as a program for the Bayesian estimation of phylogeny [49]. The PhyloSuite software
was used to extract the homologous PEGs within complete mitogenomes between various
selected species, and the resulting unrooted phylogenetic tree was visualized using the
iTOL software (v6.9 2 July 2021) [38,50].

3. Results
3.1. Mitogenome Assembly, Structure, and Annotation of the M. elegans

In this study, the mitogenome assembly of the M. elegans was conducted by using the
INlumina and PacBio single molecule real-time (SMRT) sequencing platforms to generate
20.00 Gb (average length: 150 bp) short-reads and 14.996 Gb (average length: 15,670 bp)
long-reads data, achieving 1642 raw reads (25.062 Mb), 21 contigs, and depth of 56 x cover-
age (Table S1). Due to the frequent rearrangements and recombination in mitogenomes,
their structure may not be a simple circular ring, and other substructures may exist [11].
Using the Bandage software, a multi-branched configuration of the draft mitogenome was
visualized, including 21 nodes linked to form overlapping zones, repeat regions (red color),
and transferred homologous sequences in the green-colored plastome (Figure 1a). After
removing duplicated regions combined with PacBio sequencing data, the major assembled
mitogenome of the M. elegans showed a conformation holding a total length of 416,354 bp
(44.33% GC) (Figure 1a and Table S2). The mitogenome was separated into two circular
contigs/molecules (M1 and 2), comprising 221,573 bp (M1, GC = 44.32%) and 194,781 bp
(M2, GC = 44.33%), respectively. In the sequencing data, the PacBio-based assembly map
revealed a total of six pairs of sequence repeats (e.g., nodes 14-22-7, 28, 44, 45, 47, and 48),
ranging from 100 to 19,671 bp in length that may mediate the mitogenome recombination
(Tables 1 and S2).

Table 1. Path analyses in various repetitive regions (nodes) based on PacBio sequencing.

Molecule Type Path

M1 circular 10-7-22-14-1-46-13-45-5-47-4-28
M2 circular 11-44-48-6-48-12-45-3-7-22-14-9-47-2-44-8-28
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Figure 1. Schematic mitogenome structure of the recombination mediated by repetitive sequences
in M. elegans. (a) Multi-branched conformation of the mitogenome. (b) Two circular molecules (M1,
purple, and M2, blue) assembled based on the Illumina and PacBio sequencing data. Repeat regions
and transferred homologous sequences were labeled red and green, respectively.

The annotation revealed 31 unique protein-encoding genes (PEGs) in the mitogenome
of M. elegans (Figure 2 and Table 2). Among them, 24 PEGs were classified into the
mitochondrial structural genes, and 7 PEGs were non-core genes, including a single large
subunit of the ribosomal gene (rpl5) and 6 small subunit ribosomal genes (rps3, 4, 7, 10,
12, and 13). The mitochondrial structure genes comprised five ATP synthase (atpl, 4, 6,
8, and 9), nine NADH dehydrogenase (nadl, 2, 3, 4, 4L, 5, 6, 7, and 9), four ubiquinol
cytochrome c biosynthesis (ccmB, C, Fc, and Fn), three cytochrome c oxidase (cox1, 2, and
3), one membrane transport (mttB), one maturase (matR), and one cytochrome b (cob).
Additionally, fifteen tRNA genes (e.g., trnC-GCA, truN-GUU, and trnM-CAU) and three
duplicated rRNA genes (rrn5, rrn18, and rrn26) were identified as non-PEGs anchored in
either M1 or M2.

Myricaria elegans Royle
mitochondrial genome P

Chromosome 2
194,781 bp

Chromosome 1
221,573 bp

[ complex | (NADH dehydrogenase)
[ complex Il (succinate dehydrogenase)
[0 complex Il {ubichinol cytochrome c reductase)
[ complex IV (cytochrome ¢ oxidase)
ATP synthase
[l cytochrome ¢ biogenasis
[ ribosomal proteins (SSU)
= ribosomal proteins (LSU)
maturases

%tgé‘ B other genes

[5) [l transfer RNAs
M ribosomal RNAs

Figure 2. The mitogenome map and gene annotations of the M. elegans. Annotated genes showed
locations inside/outside the circle and transcribed clockwise/counterclockwise labeled by the gray
arrow. The GC content was depicted in the inner circle, which was colored in a dark gray.
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Table 2. The list of the annotated genes in the mitogenome of the M. elegans.

Gene Group Gene Name
ATP synthase atpl, atp4, atp6, atp8, atp9 (<2 2)
NADH dehydrogenase nadl, nad2, nad3, nad4, nad4L, nad5, nad6, nad7, nad9
Cyt ! b reductase cob
Ubiquinol Cyt ¢ biosynthesis cemB, cemC, cemFC, ccmFN
Cyt c oxidase cox1, cox2, cox3
Maturase matR
Membrane transport protein mttB
Ribosome large subunit rpl5
Ribosome small subunit rps3, rps4, rps7, rps10, rps12, rps13,
Ribosome RNA rrmb (x2), rrml8 (x2), rrn26 (x2)
trnC-GCA (x2), trnD-GUC, trnE-UUC, trnF-GAA, trnH-GCC, trnH-GUG,
Transfer RNA trnK-UUU, trnM-CAU (x5), truN-GUU (x2), trnP-UGG, trnQ-UUG,

trnS-GCU, trnS-UGA, trnW-CCA, trnY-GUA

1 Cyt, cytochrome. 2 The number represents the gene’s copies.

3.2. Codon Usage and the Preference of the PEGs

Using the PhyloSuite and Mega, the codon usage preference on 31 PEGs was iso-
lated, and relative synonymous codon usage (RSCU) values were calculated (Figure 3 and
Table S3). Based on the criteria, values of RSCU > 1 were considered to be significant for
amino acids. Except for the start codon, methionine (Met, AUG), and tryptophan (Trp,
UGG), showing values of RSCU = 1, most of the PEGs exhibited codon usage preference.
By analyzing the RSCU of the mitogenome coding gene in M. elegans, it was shown that
the RSCU values of 29 codons (e.g., AGA, CAA, and GGA) were more significant than 1
(Table S3), indicating a very high frequency of the relative usage. Interestingly, the alanine
(GCU) has the highest codon usage preference (RSCU = 1.63), followed by the termination
codon UAA (RSCU = 1.61), and leucine (Leu, RSCU = 1.60), showing a preference for UUA.
By contrast, the proline (Pro) and threonine (Thr) had a higher RSCU value (>1.5) for CCU
and ACU, respectively, indicating a solid codon usage bias. Notedly, the glutamine (GIn,
CAA), glycine (Gly, GGA), histidine (His, CAU), and serine (Ser, UCU) also have typical
codon use preferences. However, the codon usage bias did not correlate with the tRNA

copy numbers (Table 2).
Codon Usage
6
cGC cue AGC
cuc
5 CGG ucG

ucc

FS

[
3
= GCG GGC ccG ACG Guc
S ] uuG
AGU

23 sec goe ccc ACA o
[w] UAG
v AuC
< cuy

2 BCA caa UGA 66U CCA YcA acc [ |

€AG CAC AuA vad
AAC GAC ygc =] AAG uue
1
Gcu uaa UuA ccu
AGA apy GAU o CAA Gap GGA CAU ,,y ARA - uuy ucy Acu | VAU Gy

Ala Arg Asn Asp Cys End GIn Glu Gly His lle Leu Lys MetPhe Pro Ser Thr Trp Tyr Val
Figure 3. Analyses of the codon usage preference. X-axis, codon families for amino acids. Y-axis,
RSCU value. RSCU, the relative synonymous codon usage.

3.3. Repetitive Sequences and the DNA Migration between Plastome and Mitogenome

Plenty of repeated sequences occurred in the plant mitogenome, including tandem
and dispersed repeats. Simple sequence repeats (SSRs) are an uncommon tandem re-
peat with less than 6 bp length. Approximately 61 and 48 SSRs were identified in M1
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and M2, primarily in the monomeric and dimeric forms, accounting for 52.46% and
68.75%, respectively. Analyses revealed the presence of one hexameric SSR (red color) and
two pentameric SSRs (orange color) in M1 but not in M2 (Figure 4a, Tables 54 and S5). By
contrast, the AG repeat was the most common type (76.19%) in dimeric SSRs. At least five
tandem repeats (18-24 bp) with a match of more than 80% were detected in the mitogenome.
Besides, a total of 232 (114 palindromic, 108 forward, four complementary, and reverse
repeats) and 121 (62 palindromic, 58 forward, one complementary, and one reverse repeats)
pairs of the dispersed repeat (>30 bp) were observed, showing distributions in M1 and M2,
respectively (Figure 4b and Tables S6-59). The longest palindromic repeat is 170 bp; in this
case, the forward repeats showed a length of 197 bp.

a b

304 = Monomeric

N
°

114 = Tandem repeats

u Dimeric Forward repeats
26 g Trimeric 108 "

u Tetrameric
22 Pentameric
= Hexameric

Reverse repeats

»
o
)
°
=3

Palindromic repeats
Complementary repeats

N
o
T
o
S

@

o

Numbers of SSR
a
2

Numbers of repeat sequence
o
3
o
8

@
)

N

S

4 4
N

molecule 1 molecule 2 molecule 1 molecule 2

Figure 4. Analysis of the various sequence repeats in the mitogenome of the M. elegans. (a) The
numbers and six types of SSR are shown in M1 and M2. (b) The detailed number of tandem repeats
and four types of dispersed repeats (forward, reverse, palindromic, and complementary repeats) in
M1 and M2. SSR, simple sequence repeat.

Based on Figure 51, the assembled complete plastome of the M. elegans was deciphered
by high-throughput sequencing, revealing a length of 155,245 bp with a GC content of
37.4%, in line with a previous report [51]. Based on the sequence similarity, a total of
18 mitochondrial-to-plastid transfer points (MTPTs) with a total length of 8438 bp, ac-
counting for 2.03% of the entire mitogenome, showed a sequence homology to that in the
plastome (Figure 5). Both homologous DNA fragments, MTPT1 (M1) and MTPT2 (M2),
had the most extended sequence length (2221 bp) compared to the others, ranging in length
from 67 to 714 bp (Table 510). The annotation of MTPTs revealed the presence of seven
intact genes, including a single PEG (petG) and six tRNA genes (trnD-GUC, trnH-GUG,
trnM-CAU, trnN-GUU, trnP-UGG, and trnW-CCA). Besides, substantial long-reads were
blasted to be spanned across the MTPTs (Tables S11 and 512).

okb
R * " ’qub/ %O¢
Sl .y
RN
- 3
5
S 2>
\w §\ e
£ 7 2
- 5
, £
(=]
o
o
5. 4
) e
%
2 3
U, ——
150kb

Figure 5. The gene transfers occurred between the plastome and mitogenome of M. elegans. The green
ribbons connecting the arcs represent homologous segments transferred between the two organelles.
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3.4. RNA Editing Events and Experimental Validation

RNA editing events occur commonly in the plant mitogenome, referring to the specific
modification of the RNA sequence at particular sites. This rule creates RNA products
that differ from DNA templates [52]. Recent advances in high-throughput sequencing
technology have facilitated a more comprehensive survey of RNA editing patterns in
plant mitogenomes [53]. Thirty-one unique PEGs annotated from the mitogenome in
M. elegans were used to predict the RNA editing sites based on the PREP suite. Under the
criteria (cutoff = 0.2), 350 RNA potential editing sites were identified with distributions
on 31 mitochondrial PEGs, all of which were C-U/T edits (Figure 6 and Table S13). Most
frequently, the nad4 showed 31 RNA editing sites, followed by ccmB, containing 26 RNA
editing sites. By contrast, one RNA edit was predicted in atp$§, rps7, and rps13, whereas the
cox1 displayed the lowest RNA editing site count.

35 -
31
(7] -
830 ,
® 625 25
2’25-
5 2 g 20
:20- 18
g - y 16 16
€ 157 4
°
° " 1
8 10 8 8
£ 6 6’ 6
Z s .
ol o4 ] . ANE NN
e 33T
E © T T ®
5 ccgcc
<
o

Figure 6. The number of RNA editing sites predicted in 31 PEGs.

Four essential structural PEGs (cox2, nad1, nad7, and atp6) in the mitogenome, com-
prising 16 predicted RNA editing sites (C-T), were randomly selected to verify the ac-
curacy of RNA editing events predicted in the complete mitogenome of the M. elegans.
The PCR amplification combined with Sanger sequencing assays was performed using
DNA and complementary DNA (cDNA) as templates. The 16 selected RNA editing sites
(e.g., cox2-243, nad1-215, nad7-224, and atp6-1015) were experimentally validated. Among
them, twelve sites were successfully verified through PCR amplification of DNA and cDNA,
accounting for 75% consistency in the prediction (Figure 7a,b and Table 514).

3.5. Sequence Colinearity and Phylogenetic Evolution

Based on the homologous analyses by MCscanX software, the multiple synteny plot
revealed the collinearity patterns between eight plant mitogenomes within the order
Caryophyllales (Table S15). The colinear blocks with sequence lengths less than 0.5 kb were
not retained in the results. As shown in Figure 8a, the red curved ribbons indicate regions
where the DNA inversion occurred, while the ribbons in gray represent the regions with
a relatively high homology. Some blank regions identified were considered as individual
blocks in a specific species. In addition, many homologous colinear blocks of short length
were detected between the M. elegans and other genetically related species, prompting the
insignificantly conserved relationship due to genome rearrangement and reorganization.
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Figure 7. Experimental evaluation of the RNA editing sites in selected PEGs. (a) The amplified PCR
production was performed using the gDNA and cDNA as templates. (b) A comparison of the RNA
editing sites (cox2, nadl, nad7, and atp6) showed the C to U/T changes confirmed by the Sanger
sequencing (dashed rectangles).
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Figure 8. The evolutionary and collinearity analyses between M. elegans and other plant species.
(a) Multiple synteny plot of the eight mitogenomes within order Caryophyllales. The ribbons depict
the homologous sequences. The red highlights inversions that occurred, and the gray indicates regions
with solid homology. (b) The neighbor-joining tree was constructed using complete mitogenomes of
29 genetically related species.

The subsequent evolutionary analyses were conducted using the available full-length
mitogenomes of four selected orders (Caryophyllales, Asterales, Aquifoliales, and San-
talales), comprising 29 plant species. The Tolypanthus maclurei (Merr.) Danser. and
Malania oleifera Chun & S. K. Lee. in the order Santalales were used as an outgroup
(Figure 8b). Approximately 18 PEGs shared conserved features in all selected species,
including seven nads (nadl, 2, 3, 5, 6, 7, and 9), four atps (atpl, 4, 6, and 8), three ccms
(ccmC, cemFe, and ccmFn), two coxs (cox2 and 3), matR, and rps3. The species classified into
the same family were clustered together. The phylogenetic topology based on the com-
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plete mitogenome coincides with the latest Angiosperm Phylogeny Group (APG) system
classification. Based on the evolutional tree, the M. elegans in the subclade of the family
Tamaricaceae was identified in the basal position of the order Caryophyllales.

4. Discussion

Myricaria species occur majorly in or around the high-altitude Qinghai-Tibetan Plateau
and the Himalayan mountains within Eurasia, except for the M. laxiflora (Franch.)
P.Y. Zhang & Y. ]J. Zhang. Most are critical ecological and pharmaceutical resources [3].
By contrast, the M. elegans species is an ethnobotanical herb and grows at the riverside
and arid areas of the highest altitude mountains (>3500 m), exhibiting superior qualities in
extreme climate tolerance and tangible economic benefits to indigenous communities in
poverty [4]. Despite its versatile potentialities, the M. elegans species remains overlooked
and underutilized owing to the lack of molecular backgrounds in genetic and evolutionary
diversities. In this study, using the short-read (Illumina) and long-read (PacBio) sequencing
data, the complete mitogenome of the M. elegans was assembled and annotated, showing
a total length of 416,354 bp, with GC content of 44.33% and 31 unique PEGs. Our data
demonstrate that the representation of the mitogenome in the genus Myricaria is not a
single linear form and that, in reality, it is a complex, dynamic conformation and mixture of
two circular molecules (Figures 1 and 2).

Extensive genomic rearrangements were identified in the mitogenome of the
M. elegans and the genetically related species, while the PEGs were highly conserved. High-
throughput sequencing technologies have revolutionized the field of genomics, enabling
the efficient and cost-effective assembly of the complete mitogenome [11]. Exploring the
mitogenome of M. elegans will contribute to a comprehensive understanding of its genetic
makeup and facilitate future research endeavors to unravel the mechanisms underlying its
high adaptability and valuable traits. This study enriches the genetic information for the
order Caryophyllales, providing a theoretical clue for improving germplasm development
and biological conservation in western Tibet, China.

Plant photosynthesis and respiration are the essential tools driving energy acquisition,
biomass, and other crucial physiological processes modulated by plastids and mitochon-
dria [54]. Mitochondria, as a critical organelle in eukaryotic cells, is a semi-autonomous
organelle, encoding structural genes related to their functions and participating in some
processes of life activities, and closely related to plant cytoplasmic male sterility and species
evolution [55]. For most land plants, mitogenomes are maternally inherited, which simpli-
fies evolutionary plasticity and has been widely attempted to infer in-depth phylogenetic
relationships in the taxonomy and conservation [56,57]. The more prominent mitogenomes
in plants exhibit lower mutation rates and more rearrangements than in animals [58].
Nevertheless, a more significant variation and diversity in mitochondrial structural genes
and intron contents occurred across the eukaryotes, indicating the massive convergent
evolution [59].

During the past decades, technological advances in genome sequencing have con-
tributed to a meteoric rise in published organellar genomes, revealing significantly di-
vergent evolutionary trajectories [22]. The assembly and reporting of complete plant
mitogenomes are continually increasing, with an increasing number of mitogenomes em-
ployed in studies related to germplasm identification, phylogenies, and other areas. The
prolonged endo-symbiotic origin of the mitochondria led to the loss of some original DNA,
with only DNA encoding essential functions remaining due to transfers [60]. The evolu-
tionary analysis through a comparative analysis of mitogenomes unraveled the genetic
variation, structure, and diversity in rice and S. glauca [16,61]. The unique patterns of plant
mitogenomes, including compactness, high copy number, and frequent rearrangements,
reflect the complex evolutionary history and ongoing ecological adaptation to the critical
environment cues [62]. Thus, understanding typical features of mitogenomes is crucial for
unraveling plant functional significance and evolutionary patterns.
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The mitogenome is regarded as an entity with dynamic changes during evolution, dis-
playing substantial variation in size and structure within various plant species [63]. Many
repeat sequences and exogenous sequence insertions were identified in plant mitogenomes,
leading to gene loss, multiple copies, and genomic rearrangements mediating the form
of the multi-branched conformation [64]. Understanding the mitogenome structure is
required to unravel its function, replication, inheritance, and evolutionary trajectories [12].
In this study, a hybrid assembly strategy was employed, combining Illumina short-read and
PacBio long-read sequencing assays to decipher the mitogenome of the M. elegans. Func-
tional genes are often imbalanced across molecules in plant multi-branched mitogenomes,
resulting in the absence of functional genes on numerous molecules [26]. The compar-
ative analysis revealed the conservation of mitogenome size and gene contents, albeit
with complex genome structures. Among the 41 standard PEGs from the mitogenome
of the common ancestor in angiosperms, thirty-one structural genes were annotated in
the M. elegans mitogenome, including 24 mitochondrial core genes and 7 non-core genes,
implicating that lost genes might be due to the transfer into the nuclear genome, a common
phenomenon during a long-term evolution in angiosperm [65]. Further, transcriptomic
sequencing and in vivo compartmental analyses are needed to determine whether these
genes can be expressed explicitly in the plant mitochondria.

The codons are the primary carriers, providing accurate translation and transmission
of genetic information in nature that plays a crucial role in biological genetics and vari-
ation [66]. Principally, except for Met and Trp, all of the 20 amino acids that constitute
natural proteins correspond to 2—-6 synonymous codons. The selection and use of synony-
mous codons do not alter the amino acid, which is beneficial for translation accuracy but
may impact protein expression levels [67]. The differences for individual amino acids in
the frequency of the codon usage were predicted, prompting the codon usage preference
among 31 PEGs in the mitogenome of the M. elegans (Figure 3). Based on the prediction,
29 codons showed RSCU values of more than 1, including 13 codons ending in A, 16 codons
ending in U, and 1 termination codon in G, reflecting the constant evolution trend of base
composition. Even though the correlation between the codon usage preferences and anno-
tated tRNAs and gene copy numbers was not set up, it may be due to semi-autonomous
protein biosynthesis and metabolism in the mitochondria. This finding fits well with early
research on codon usage preference in soybeans [68]. These results provide an essential
reference for codon optimization of exogenous genes in the next step, thereby enhancing
the protein expression.

The mitogenome encompasses a diverse repertoire of repetitive DNA sequences
(repeats), encompassing tandem repeats, short reiterated motifs, and substantial dupli-
cations [29]. Previous reports have unveiled the intrinsic significance of repeats within
mitogenome, as they play an irreplaceable role in promoting intermolecular recombination
mechanisms [11]. Consequently, these reiterated sequences are paramount in shaping the
mitogenome, profoundly influencing its structural and functional dynamics [69]. In this
study, the SSRs, long tandem repeats, and dispersed repeats were intensively investigated
(Figure 3). The mitogenome of M. elegans harbors abundant sequence repeats, inferring that
intermolecular recombination frequently alters the sequence size and conformation dynam-
ically during the evolution. The results showed that all four pairs of repetitive sequences,
44, 48, 45, and 28, had long-reads supporting recombination conformation. For the most
extended repeat sequence, a 20 kb, 14-22-7 MTPTs, similar to the plastid inverted repeat (IR)
region, usually mediate recombination at nearly 50%. However, sequence repeats do not
necessarily affect genomic recombination, particularly for shorter reads, so only long-reads
were used for validation. Experimental validation can be performed for longer segments of
the repeats by designing primers using PCR at the repeat sequence boundaries.

As migration of plastidic DNA to the mitogenome occurred during the evolution, the
transfer of tRNA genes is regarded as a joint event in angiosperms [70]. Many MTPTs
initially identified in the mitogenome have been lost during the evolution, which is related
to functional adaptation [28]. The sdh2 encoding succinate dehydrogenase was identified
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as the loss in the early evolution of the plant mitogenomes, and rps9, 11, and 16 are not
present evenly in various plant kingdoms [71]. Besides, the rps12, sdh3, and sdh4 were not
characterized in rice mitogenome, but the rps2 appeared to happen in monocots merely [21].
This study observed 18 MTPTs originating from the plastome, prompting the conserved
transfer and evolutionary diversity, which resulted in the integration and recombination of
seven PEGs (Figure 5). The exogenous genes encompassed one PEG and six tRNA genes,
accounting for 10.3% DNA transfer between plastome and mitogenome, which was in
concert with the findings [72].

Innovations in DNA /RNA-sequencing techniques have dramatically increased the
number of genomes and transcriptomes released, thus providing vital clues on RNA editing
for numerous plant organisms. RNA editing events follow post-transcriptional mechanisms
in the plastome and mitogenome, an enigmatic reaction in RNA levels that maintains nor-
mal biological function and fine-tuned protein folding in flowering plants [52]. The primary
type of RNA editing is the conversion of C-U, occasionally accompanied by U-C conver-
sions [73]. Previous reports in cotton revealed that RNA editing in a mitochondrial gene
(atp1) affects ATP production and the elongation of trichrome and fibers [74]. The dosage in
RNA editing sites can lead to significant changes in the RNA sequence rewritten, affecting
the translation process, protein structure, and interactions between the mitogenome and
nuclear genome [75]. In Arabidopsis, 441 RNA editing sites were deduced in mitogenome
with distribution in 36 PEGs [75]. In a model monocot of rice mitogenome, approximately
491 RNA editing sites were identified for the occurrence in 34 PEGs [21]. Recently, the
mitogenome of a halophyte species (S. glauca) revealed 216 RNA editing sites predicted
in 26 PEGs [16]. In our work, the prediction of 31 PEGs in the mitogenome of M. elegans
suggested that 350 RNA editing sites occurred, of which the nad4, encoding the NADH
dehydrogenase, ranked the highest number (Figure 8 and Table S13). As nad4 encodes the
central subunit of the mitochondrial respiratory chain complex I, it plays an essential role in
respiration and ATP synthesis [76]. Therefore, the increased RNA editing sites in nad4 may
reflect the critical nature of regulating oxidative phosphorylation and cellular metabolism.
Interestingly, only one RNA editing site was identified in three PEGs (atp$, rps7, and rps13),
indicating retained sequence variation and conserved patterns during evolution. Fewer
RNA editing events in specific genes were postulated to be important in their functional
adaptation and structure maintenance, particularly at the post-transcriptional level [52].

Furthermore, the synteny analyses revealed that the mitogenome of M. elegans has
relatively good co-linear blocks but a non-conservative link with other species within
Caryophyllales, indicating that they underwent extensive genome rearrangement during
the evolution (Figure 8). In addition, the phylogenetic relationship was determined using
complete mitogenomes of four representative orders, including M. elegans and other species.
The resulting unrooted trees reflected well-defined taxonomic relationships between differ-
ent orders. In contrast, the M. elegans evolved more anciently in the order Caryophyllales,
clustering the original feature and clues that additional mitogenomic information is needed
to flourish the genus Myricaria, Tamaricaceae pools.

5. Conclusions

The comprehensive mitogenome assembly and annotation were implemented using
advanced techniques to capture the spectrum of gene isoforms, leading to an extensive
inference of mitogenomic structures and recombination activities in M. elegans. In this study,
we aimed to decipher the extensive mitogenome of M. elegans using the combined high-
throughput sequencing assays (e.g., [llumina and PacBio) and bioinformatics approaches.
The elucidated mitogenome of genus Myricaria contributes to comprehensively understand-
ing its dynamic conformation, genome reorganization, DNA migration, and RNA editing
events, identifying potential functional conserved elements related to transcriptional modu-
lation. The availability of the mitogenome facilitates future studies on the genetic evolution,
phylogenies, and biological conservation of the M. elegans, family Tamaricaceae. Therefore,
unraveling mitochondrial molecular background has implications for ecological benefits,
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economic efforts, and developing strategies for enhancing the saline-drought tolerance
and pharmaceutical use of halophytes in high-altitude mountains. By orchestrating the
genetic frame of the Plateau Hongliu in western Tibet, our work provides insights into the
theoretical basis for their climate resilience and adaptation in extremely arid areas.
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M. elegans mitogenome. Table S3: Relative synonymous codon usage in M. elegans mitogenome;
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