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Complete mitochondrial genome
assembly of Zizania latifolia and
comparative genome analysis

Xianyang Luo, Cuicui Gu, Sijia Gao, Man Li, Haixiang Zhang
and Shidong Zhu*

College of Horticulture, Anhui Agricultural University, Hefei, China

Zizania latifolia (Griseb.) Turcz. ex Stapf has been cultivated as a popular aquatic
vegetable in China due to its important nutritional, medicinal, ecological, and
economic values. The complete mitochondrial genome (mitogenome) of
Z. latifolia has not been previously studied and reported, which has hindered its
molecular systematics and understanding of evolutionary processes. Here, we
assembled the complete mitogenome of Z latifolia and performed a
comprehensive analysis including genome organization, repetitive sequences,
RNA editing event, intercellular gene transfer, phylogenetic analysis, and
comparative mitogenome analysis. The mitogenome of Z. latifolia was
estimated to have a circular molecule of 392,219 bp and 58 genes consisting
of three rRNA genes, 20 tRNA genes, and 35 protein-coding genes (PCGs). There
were 46 and 20 simple sequence repeats (SSRs) with different motifs identified
from the mitogenome and chloroplast genome of Z. latifolia, respectively.
Furthermore, 49 homologous fragments were observed to transfer from the
chloroplast genome to the mitogenome of Z. latifolia, accounting for 47,500 bp,
presenting 12.1% of the whole mitogenome. In addition, there were 11 gene-
containing homologous regions between the mitogenome and chloroplast
genome of Z. latifolia. Also, approximately 85% of fragments from the
mitogenome were duplicated in the Z latifolia nuclear genome. Selection
pressure analysis revealed that most of the mitochondrial genes were highly
conserved except for ccmFc, ccmFfn, matR, rpsl, and rps3. A total of 93 RNA
editing sites were found in the PCGs of the mitogenome. Z. latifolia and Oryza
minuta are the most closely related, as shown by collinear analysis and the
phylogenetic analysis. We found that repeat sequences and foreign sequences in
the mitogenomes of Oryzoideae plants were associated with genome
rearrangements. In general, the availability of the Z latifolia mitogenome will
contribute valuable information to our understanding of the molecular and
genomic aspects of Zizania.
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1 Introduction

Zizania, a genus belonging to the Poaceae subfamily Oryza,
comprises four species and is distributed between North America
(Zizania aquatica, Zizania palustris, and Zizania texana) and
Eastern Asia (Zizania latifolia) (Terrell et al., 1997). Z. latifolia as
vegetable has been domesticated for more than 2,000 years and is
predominantly cultivated in China, Vietnam, and other Asian
countries. Z. latifolia was historically utilized as a significant
staple food in ancient China and had been cultivated as an
aquatic vegetable because its tender stems swell, soften, and
becomes edible after being infected by the fungus Ustilago
esculenta (Zhang et al,, 2016).

At present, Z. latifolia has become the second largest aquatic
vegetable after lotus root, and it is an important source of income
for many farmers in southern China (Liu et al, 2022). Limited
genomic information on Zizania, despite its diverse species and
economic importance, hampers the effective utilization of genetic
resources for research in phylogeny, genetics, and breeding. Several
studies have conducted molecular phylogeny analyses of Z. latifolia,
including the completed assembly of the chloroplast genome of Z.
latifolia, providing insights into its genetic relationships. These
studies contribute valuable information to our understanding of
the molecular and genomic aspects of Zizania (Zhang et al., 2016;
Yan et al, 2022). This limits the utilization of Zizania genetic
resources for research of phylogeny, genetics, and breeding.
However, to date, the assembled mitochondrial genome
(mitogenome) of Z. latifolia has still not been reported to be
assembled, while at the same time, its mitogenome characteristics
have not been assessed.

It was not until 1992 that the first mitogenome of land plants
was released, which greatly promoted basic research on
mitogenome (Oda et al, 1992). Plant mitogenome sizes vary
widely, from 66 kb in Viscum scurruloideum to over 11.3 Mb in
Silene conica (Sloan et al., 2012; Skippington et al., 2015). However,
within the Poaceae family, mitogenome size usually falls between
500 kb and 600 kb. Despite variations in size and structure, the
number of genes in mitogenomes is relatively consistent, ranging
from 14 to over 50 (Wang et al., 2024). Both protein-coding genes
(PCGs) and non-coding regions exhibit variable lengths across
mitogenomes (Kubo and Newton, 2008; Gualberto and Newton,
2017). There are 11,078 complete chloroplast genomes, and 1,613
plant mitochondrial genomes are available on the National Center
for Biotechnology Information (NCBI) (https://www.ncbinlm.nih.
gov/genome/browse#!/overview/, accessed on January 12, 2024),
which provides a basis for the study of mitogenomes.

Mitochondrial genomes of various Poaceae species, such as Oryza
minuta, Saccharum spp., Sporobolus alterniflorus, Avena longiglumis,
Elymus magellanicus, and Eleusine indica, have been published. These
genomes serve as crucial resources for conducting comparative
mitogenomic studies within the Poaceae family (Asaf et al, 2016;
Chen et al,, 2012; Hall et al., 2020; Wang et al., 2021; Li et al., 2022;
Liu et al,, 2023; Chen X. et al.,, 2023). Mitogenomes in the Poaceae
family typically comprise a single circular DNA molecule, as observed

Frontiers in Plant Science

10.3389/fpls.2024.1381089

in O. minuta, S. alterniflorus, A. longiglumis, E. magellanicus, and
E. indica. However, Saccharum spp. stand out as an exception, having
two distinct circular DNA molecules in their mitogenome (Notsu
etal., 2002). As a Poaceae species closely related to rice (Oryza sativa),
Z. latifolia has many excellent traits that cultivated rice lacks, such as
high protein, high biomass, tolerance to deep water, resistance to rice
blast, and abnormally fast grain filling speed. It can serve as an
excellent gene donor material, offering valuable genetic resources for
rice breeding purposes (Hirabayashi et al., 2015; Neelam et al., 2017;
Wu Z. et al,, 2018; Zhong et al., 2019; Yan et al., 2022).

However, the mitogenome of Z. latifolia remains unpublished,
and its numerous properties are yet to be uncovered. In this
research, the complete mitogenome sequence of Z. latifolia was de
novo assembled using a combination of second-generation Illumina
sequencing and third-generation PacBio sequencing technologies,
and then the mitogenome organization, characteristic, phylogenetic
relationship, and comparative genome analyses were performed.
This study aims to establish a theoretical foundation for omics
research, biological functions, genome evolution, and genetic
breeding of Z. latifolia while also contributing to a comprehensive
understanding of the structural characteristics and evolutionary
diversity of the mitogenome within the Poaceae family.

2 Materials and methods
2.1 Plant materials and genome sequencing

In this study, Z. latifolia ‘Dabieshan No.1” plants were grown
and collected in the greenhouse of Anhui Agricultural University
(31°86'N, 117°25'E). Fresh young leaves of Z. latifolia were quickly
frozen in liquid nitrogen and stored in a —80°C refrigerator.
[lumina paired-end reads were generated using the Illumina
NovaSeq platform, and HiFi reads were generated using the
PacBio Sequel platform.

2.2 Mitogenome assembly and annotation

A hybrid assembly strategy was used for Z. latifolia mitogenome
assembly. First, the GetOrganelle v1.7.6.1 (Jin et al., 2020) software
was used to assemble the mitogenome short reads and assemble those
reads into a corresponding unitig graph with the parameters -R 30 -k
65,85,105,115,127 -F embplant_mt’, and the contigs that contained
the mitochondrial core genes in Poaceae were selected. Then, the
PacBio HiFi reads were de novo assembled by flye (Kolmogorov et al.,
2019) 2.9.1-b1780 with the parameters ‘—pacbio-corr -meta -g 500K
-t 20°, and the final mitogenome was visualized and adjusted
manually by the Bandage (Wick et al., 2015) software.

The mitogenome of Z. latifolia was annotated by Geseq (https://
chlorobox.mpimp-golm.mpg.de/geseq.html) and IPMGA (http://
www.lkmpg.cn/mgavas/) with reference genomes, including
Oryza rufipogon (NC_013816.1), O. minuta (NC_029816.1),
Oryza coarctata (MG429050.1), and O. sativa (JF281153.1), and
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then manually corrected. The mitogenome structure map was
drawn using OGDRAW (http://ogdraw.mpimp-golm.mpg.de/cgi-
bin/ogdraw.pl). The assembled mitogenome sequence of Z. latifolia
has been submitted to GenBank.

2.3 Repeat sequence analysis

Simple sequence repeats (SSRs) using MISA (MIcroSAtellite) perl
script for SSR analysis (Beier et al., 2017) and parameters were set as
follows (unit_size, min_repeats): 1-10 2-5 3-5 4-4 5-3 6-3. Tandem
repeat finder v4.09 software with default parameters (http://
tandem.bu.edu/trf/trf.submit.options.html) detects tandem repeats
(>6-bp repeats). Furthermore, reverse, forward, palindromic, and
complementary repeat sequences were identified using REPuter
(https://bibiserv.cebitec.uni-bielefeld.de/reputer/) with the
default settings.

2.4 Chloroplast to mitochondrion DNA
transformation and nuclear mitochondrial
DNA segments

To investigate the fragment transfer between the mitogenome of
Z. latifolia, chloroplast genome, and Z. latifolia nuclear genome,
BLASTN 2.5.0+ was utilized to identify the transfer fragments
between mitogenome with chloroplast genome (MTPTs),
mitogenome with the nuclear genome (NUMTs), and chloroplast
genome with chloroplast genome (NUPTs), and parameters were
set as follows: -evalue le'® -outfmt 6. The Circos diagram was
visualized using the Advanced Circos module in Tbtools (Chen
et al., 2023). The density distribution map of NUMTs and NUPTs
was visualized using the R package CMplot.

2.5 Transcriptome sequencing and RNA
editing event

For transcriptome sequencing, total RNA was extracted, the
DNA was digested with DNase, and then the mRNA of eukaryotic
organisms was enriched with magnetic beads with Oligo (dT). The
mRNA was broken into short fragments by adding an interrupting
reagent, and then one-strand ¢cDNA was synthesized using a
random 6-bp primer with the interrupted mRNA as a template.
Then, a two-stranded reaction system was formulated to synthesize
two-stranded cDNA, and the kit was used to purify double-stranded
cDNA; for end repair, A-tail was added, the sequencing junction
was connected, the fragment size was selected, and finally PCR
amplification was conducted. Constructed libraries were qualified
using Agilent 2100 Bioanalyzer and then used to amplify mRNA
using the Illumina HiSeq . After the constructed library was
qualified using Agilent 2100 Bioanalyzer, Illumina HiSeqTM 2500
was used to generate the double-ended data of 150 bp. After passing
QC, sequencing was performed using an Illumina sequencer.

The identification process of RNA editing sites can be
decomposed into three steps: first, read alignment; second, the
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variant calling; and third, detection of RNA editing sites. For each
species, to increase sequencing depth, all the replicates were
merged into one sample. The quality control of paired-end
Mlumina sequencing data was evaluated first by fastp (Chen
et al,, 2018) in the default parameter. Clean reads were mapped
to reference (Z. latifolia mitogenome and chloroplast genome
assembled in this study) using hisat2 software under default
parameters (Kim et al.,, 2019). Afterward, the alignment results
were sorted, duplicates were removed, and SAMtools was used for
indexing (Li et al., 2009). Finally, the resulting BAM file was then
used to call variants using bcftools, and VCEF files that describe
transcriptome variation were generated (Danecek and McCarthy,
2017). For each species, based on the variant-calling results (in
“VCF” format) and genome annotation files (in “tbl” format),
RNA editing sites were identified under default parameter values
using the REDO tool (Wu S. et al,, 2018).

2.6 Codon preference analysis

The PCG sequence of Z. latifolia mitogenome was extracted using
PhyloSuite v1.1.12 (Zhang et al, 2020). MEGA-X was applied to
analyze the relative synonymous codon usage (RSCU) of PCGs and
calculate the RSCU value (Kumar et al., 2016). A codon with RSCU >
1 indicated a preference for amino acid usage, RSCU = 1 implied no
preference, and RSCU < 1 indicated contrary codon usage.

2.7 Non-synonymous and synonymous
substitution analysis

The non-synonymous (Ka) and synonymous (Ks) substitution (Ka/
Ks) was analyzed for shared PCGs between Z. latifolia and six other
species, including O. rufipogon (NC_013816.1), O. sativa (JF281153.1),
O. minuta (NC_029816.1), O. coarctata (MG429050.1), Zea perennis
(NC_008331.1), and Triticum aestivumn (NC_036024.1). MAFFT
(v7.313) was used to align all PCG sequences, and Ka/Ks calculator
version 2.0 was utilized for Ka/Ks analysis (Wang et al,, 2010).

2.8 Phylogenetic analysis

To better and more comprehensively explore the evolutionary
relationship of Z. latifolia, the mitogenome data of 30 higher plants
(Supplementary Table 8) were downloaded from the NCBI Organelle
Genome Database. A total of 31 shared PCGs among the analyzed
species were identified and extracted using PhyloSuite (v.1.2.2) (Zhang
et al, 2020). All the genes were aligned in batches using MAFFT
(v7.313) integrated into PhyloSuite using normal-alignment mode.
Maximum likelihood phylogenies were inferred using IQ-TREE under
Edge-unlinked partition model for 50,000 ultrafast bootstraps, and the
trees were visualized using iTOL. To ascertain the taxonomic status of
the mitogenome in Z. latifolia, phylogenetic analysis was carried out
with 30 other species, including 26 eudicotyledons, 13 monocotyledon
plants, and one gymnosperm plant, with Amborella trichopoda as
outgroup (Supplementary Table 8).
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2.9 Collinear analysis and comparative
genome analysis

Six species closely related to Z. latifolia were selected for
collinear analysis, including O. rufipogon (NC_013816.1), O.
sativa (JF281153.1), O. minuta (NC_029816.1), O. coarctata
(MG429050.1), Z. perennis (NC_008331.1), and T. aestivum
(NC_036024.1), to conduct mitogenome rearrangement, and
collinearity of Z. latifolia was compared using the Mauve programs.

To investigate the characteristics of the mitogenomes of Z.
latifolia and other species (Supplementary Table S8), we conducted
an analysis of the size and guanine-cytosine (GC) content of the
mitogenomes. The species used for comparative analysis included
gymnosperms and angiosperms in key positions of mitochondrial
phylogenetic evolution (Ye et al., 2017).

3 Results

3.1 Mitogenome assembly, annotation, and
gene features

Accurate Z. latifolia mitogenomes were obtained by combining
IMumina and PacBio reads. Consistent depths of mapping reads
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revealed the high-quality gap-free assembly (Supplementary
Table 1). The mitogenome of Z. latifolia was assembled into a
single circular molecule, with a total length of 392,219 bp, and Z.
latifolia mitogenome had a nucleotide makeup of A (27.75%), T
(27.62%), G (22.20%), and C (22.43%) and a GC content of 44.63%
(Figure 1). A total of 49 unique genes were annotated, including 33
PCGs, 13 tRNA genes, and three rRNA genes, and identified in the
Z. latifolia mitogenome. Protein-coding genes accounted for 7.96%
of the whole mitogenome, while tRNA and rRNA genes comprised
only 0.56% and 1.71%, respectively. Interestingly, it was found that
the cox2 gene had two copies. In addition, three rRNA and five
tRNA genes also had two to five copies (rrn5, rrn26, rrnl8, trnN-
GTT, trnM-CAT, trnP-TGG, trnH-GTG, trnW-CCA, and rrn5). The
annotated genes in Z. latifolia contained introns, and six of those
genes (rps2, rps3, nad5, cox2(2), rpl2, and ccmFc) included an
intron (Table 1).

3.2 Repeat sequences, codon usage, and
RNA editing site analysis

A total of 46 SSRs were found in the Z. latifolia mitogenome,
and SSRs in monomeric and dimeric forms accounted for 87.0% of
the total SSRs (Figure 2). Adenine (A) monomeric repeats
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TABLE 1 Gene profile and organization in the mitogenome of
Zizania latifolia.

Gene hame

Types of genes

ATP synthase atpl, atp4, atp6, atp8, atp9

Cytochrome ¢ biogenesis ccmB, ccmC, ccemFn, ccmFC*

Cytochrome ¢ oxidase coxl, cox2 (2) *, cox3

NADH dehydrogenase nadl*™*, nad2**™*, nad3,nad4***, nad4L,

nad5***, nad6, nad7****, nad9

Maturases mat-r

Ubiqui
iquinol cytochrome Cob
¢ reductase

Small subunit of ribosome rpsl, rps3*, rpsd, rps7, rps12, rps13, rps19

Large subunit of ribosome

rplle6, rpl2*, rpl5

Ribosomal RNAs rrn5 (2), rrn26 (2), rrnl8 (2)

Transfer RNAs trnC, trnD (2), trnE (2), trnF, trnH, trnl, trnK
(4), trnL, trnM (5), trnN, trnP, trnQ, trnS(3),

trnW, trnY

Gene(2): Number of copies of multi-copy genes. * for introns, the number of * for the number
of introns.

accounted for 45% of Z. latifolia monomeric SSRs, and TA repeats
were the most common type of dimeric SSRs, accounting for 30%
(Figure 2A). The above SSRs can be used as potential markers to
identify Z. latifolia (Supplementary Table 2). A total of 36 tandem
repeats with a match of more than 70% and a length between 26 and
149 bp were found in the Z. latifolia mitogenome (Supplementary
Table 3). A total of 50 dispersed repeat sequences with lengths
greater than or equal to 80 were observed, including 23 pairs of
direct repeats and 27 pairs of reverse repeats (Figure 2B), of which
the longest direct repeat was 38,743 bp.

We also analyzed the RSCU of 35 PCGs in the Z. latifolia
mitogenome (Figure 3). The codon usage analysis revealed the most
frequent amino acids to be leucine (Leu) (10.51%), serine (Ser)
(8.95%), and isoleucine (lle) (7.6%), while cysteine (Cys) and
tryptophan (Trp) were rarely found (Supplementary Table 4).

I monomer
[0 dimer
tetramer
[ pemtamer
| ] compound

43.48%

2.17%
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2.17%

43.48%

FIGURE 2

Number of Repeats
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Codon usage was generally strongly biased toward A or T(U) at
the third codon position in the Z. latifolia mitogenome, which was
commonly found in the mitogenomes of land plants (Li et al., 2023).
A total of 25 shared codons encoding 16 amino acids (one was a
stop codon, UGA) showed that RSCU exceeded 1 in the
mitogenome of Z. latifolia. In addition to the RSCU value of the
initial codon AUG and tryptophan (UGG), there is a common
codon preference for PCGs in mitochondria (Li et al., 2023).

A total of 93 RNA editing sites were identified on 21 genes in
the Z. latifolia mitogenome (Supplementary Table 5). The coxI gene
identified 14 RNA editing sites, far more than other genes
(Figure 4). Furthermore, we identified a total of six different types
of RNA editing, and C to T editing was the most common in
mitogenome. Most RNA editing events caused serine (Ser) and
proline (Pro) to be replaced with leucine (Leu) during translation,
with 18 and 11 occurrences, respectively, which accounted for
19.13% and 11.8% of the total number of identified events
(Supplementary Table 5). Additionally, 51.1% of amino acids
remained hydrophobic, 36.9% became hydrophobic, and 6.5%
became hydrophilic (Supplementary Table 6).

3.3 Chloroplast-derived and nuclear-
derived sequence analysis

Throughout the evolution of mitochondria, fragments from
chloroplasts have transferred into the mitogenome. In the
mitogenome, approximately 5%-10% of sequences can be identified
as homologous sequences derived from the chloroplast genome (Sloan
and Wu, 2014; Petersen et al., 2020). In this research, the chloroplast
genome of Z. latifolia was reassembled and annotated (Figure 5),
followed by a comparative analysis of the mitochondrial and
chloroplast genomes.

It was determined that the mitogenome sequence of Z. latifolia
(392,219 bp) was approximately 2.87 times longer than the
chloroplast genome (136,503 bp). Homologous fragment transfer
analysis was performed on Z. latifolia mitochondrial and
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Relative synonymous codon usage (RSCU) of Zizania latifolia mitogenome.

chloroplast genome segments (MTPTs) (Figure 6A). A total of 49
homologous fragments, comprising 47,500 bp, were identified
between the mitogenome and chloroplast genomes, representing
respectively 12.1% and 34.7% of their respective genome lengths
(Supplementary Table 7). The longest fragment was 6,226 bp, and
the shortest fragment was 30 bp. Eleven gene-containing
homologous segments were identified between the chloroplast
and mitogenome of Z. latifolia, including nine chloroplast genes:
trnC-GCA, trnC-CAU, trnA-GGA, trnF-GAA, trnW-CCA, trnW-
CAU, trnW-GUU, trnH-GUG, and rrn18 (fragment).

Investigating the genetic interactions between the chloroplast
genome, mitogenome, and nuclear genome of Z. latifolia revealed

UCA
UCG GUG|GGG

extensive intracellular gene transfer (Figure 6). A total of 1,752
sequences from the chloroplast genome, spanning approximately
395 kb, were identified in the nuclear genome. These sequences
varied in length from 43 to 10,719 bp, averaging 225 bp. The
distribution of homologous fragments in the nuclear genome was
uneven across 17 chromosomes of Z. latifolia, with chromosome 2
exhibiting the highest homologous sequences (2,263 fragments) and
chromosome 15 the least (44 fragments) (Figure 6B).

Similarly, approximately 335 kb of sequences from the Z.
latifolia mitogenome showed homology with the nuclear genome.
In the nuclear genome, the most homologous sequences were
found on chromosome 2 (326 fragments), whereas the least
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The distribution of RNA editing sites in 21 genes of the mitogenome of Zizania latifolia.
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Gene map of the Zizania latifolia chloroplast genome.

homologous sequences were found on chromosome 15 (50
fragments). A total of 2,047 fragments from the mitogenome
were identified in the nuclear genome, with lengths ranging
from 44 to 9,400 bp and an average length of 164 bp. These
findings suggested significant genetic transfer between the nuclear
genome and the chloroplasts and mitogenomes during the

evolution of Z. latifolia.

3.4 Collinearity analysis and
gene rearrangement

To further investigate the structural variation and collinearity,
the mitogenome of Z. latifolia and other seven Poaceae species were
compared using Mauve (Figure 7A). The results of the covariance
indicated that the species in the Oryzoideae subfamily had more
homologous regions with Z. latifolia. The contraction or expansion
of homologous sequences of different sizes and numbers resulted in
dynamic changes in the mitogenome of Z. latifolia. Many
homologous collinear blocks were detected between Z. latifolia
and O. minuta, indicating that the more closely related species
retained more collinear blocks. These homologous regions had

Frontiers in Plant Science

07

different relative positions, indicating abundant rearrangements
within those mitogenomes, which were also related to the
differences in the relative order of genes in the Oryzoideae
species (Figure 7B).

3.5 Phylogenetic analysis

The mitogenomes of 29 species were downloaded from the
NCBI dataset to determine the evolutionary position of the Z.
latifolia mitogenome. A. trichopoda, a basal angiosperm, and
Ginkgo biloba, a representative species of gymnosperms, were
used as outgroups in phylogenetic analysis. Vitis vinifera and
Arabidopsis thaliana, representative species of dicotyledons, were
chosen as representative species. The other 25 species were all
monocotyledons, 21 of which were from the Poaceae. Phylogenetic
analyses were performed using the maximum likelihood method
after concatenation and alignment based on 11 conserved
mitochondrial PCGs shared in 30 mitogenomes (atp9, ccmC,
coxl, cox2, cox3, cytb, nad3, nad6, nad9, rps7, and rpsi2).

The phylogenetic analysis of 30 plant mitogenomes revealed
their classification into nine major groups: Ginkgoaceae,
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Amborellaceae, Vitaceae, Brassicaceae, Lemnaceae, Asphodelaceae,
Orchidaceae, Arecaceae, and Poaceae (Figure 8). Within the
Poaceae clade, five species formed a distinct cluster, with Z.
latifolia showing the closest relationship to O. coarctata. This
alignment was consistent with conclusions drawn from the
nuclear genome. Notably, Z. latifolia occupied a position closer
to the root of the phylogenetic tree, suggesting an earlier
differentiation in the evolution of Oryzoideae. The topological
structure of the phylogeny, based on 11 conserved mitochondrial
protein-coding genes, is consistent with the classification outlined
by the Angiosperm Phylogeny Group (APG IV) (The A. P. G
et al., 2016).

3.6 Nucleotide diversity analysis and the
synonymous and non-
synonymous substitution

The nucleotide diversity of 26 PCGs in the mitogenome of
Z. latifolia and seven species (O. sativa, O. coarctata, Z. perennis,
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Zea luxurians, O. rufipogon, O. minuta, and T. aestivum) was
calculated to assess the level of sequence divergence in these
species. There were eight hypervariable gene regions with Pi
values greater than 0.02: atp4 (0.28), atp9 (0.021), nadl (0.080),
nad2 (0.25), nad3 (0.23), rps1 (0.031), rps3 (0.026), and rps4 (0.031)
(Figure 9). There were eight PCGs in the mitogenome Z. latifolia,
three of which (atp4, nad2, and nad3) had Pi values exceeding
0.1000. These divergence hotspot regions of Z. latifolia mitogenome
could be developed as effective DNA markers for phylogenetic
analyses and species identification in the Poaceae family.

The Ka and Ks nucleotide substitution plays an indispensable
role in molecular evolution (Shtolz and Mishmar, 2019; Zhang Z.
et al, 2006). To explore the evolutionary rates of mitochondrial
genes, we computed and compared the Ka/Ks values of protein-
coding genes shared in five mitotic genomes (Figure 10). Ka/Ks
values for the five shared PCGs between Z. latifolia and O. coarctata
were zero. For the eight shared PCGs between Z. latifolia and O.
sativa, the Ka/Ks = 0. The Ka/Ks ratio of rps3, rpsl, and ccmFn
genes in Z. latifolia compared to O. coarctata and O. sativa was
larger than 1, indicating that those genes were under positive
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selection in its evolution. However, most of the PCGs with Ka/Ks <
1 indicated that negative selection effects occurred in the genes of Z.
latifolia compared to the other four species. This finding suggests
that most of the PCGs in the mitogenome of Z. latifolia were highly
conserved during molecular evolution and may play a key role in
cellular activities such as respiration.

3.7 Gene duplication and loss, and
characteristic difference of mitogenomes

Gene duplication and loss often occur during the evolution of
plants, and the genes that are retained by duplication are crucial for
normal life activities. Therefore, gene duplication and loss in 30
species were compared here, and a total of 73 gene duplication and
gene loss had been identified (Supplementary Figure 1). In
mitochondrial PCGs shared in 30 species, no loss was found of
ATP synthase genes and cytochrome c synthesis genes, which were
strongly conserved. However, the succinate dehydrogenase protein
(sdh3 and sdh4) and tRNA were lost during the evolution of the
Poaceae and were highly variable and weakly conserved.

In the analysis of genetic characteristic differences in Z. latifolia,
we conducted a comparative study on the size and GC content of
mitogenomes across 30 species (Li et al., 2023) (Supplementary
Table 8). Among Poaceae, mitochondrial sizes exhibited relatively
small differences, ranging from 390,725 bp (Thinopyrum
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obtusiflorum) to 548,455 bp (A. longiglumis). The Poaceae
mitogenome demonstrated overall stability during evolution, with
GC content varying from 43% (O. coarctata) to 44.6% (Z. latifolia)
(Figure 11). Although the size of Poaceae mitogenomes varied, the
consistent GC content suggested that the evolution of mitogenomes
had been consistently robust.

4 Discussion

4.1 Characterization of the Z.
latifolia mitogenome

In this study, the mitogenome of Z. latifolia was assembled and
annotated, revealing a closed single circular structure spanning
321,219 bp. In addition, the GC content of the mitogenome of Z.
latifolia was 44.63%, which was comparable to other close-related
mitogenomes (for example, O. sativa Indica Group, 43.9%). At
present, the mitogenomes of Z. latifolia (reported in this study), O.
2002), and other closely related genera in
2016) all have a single ring structure.

sativa (Notsu et al,
Oryzoideae (Asaf et al,
Mitogenomes for the five Oryzoideae species ranged in size from
392,219 bp to 637,692 bp.

RNA editing is a common phenomenon in mitogenomes and is
necessary to maintain genetic information and normal function of
mitochondrial gene RNA levels, which are associated with
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Phoenix dactylifera NC016740
Cocos nucifera NC031696

Arecaceae

Ferrocalamus rimosivaginus JN120789
Bambusa oldhamii EU365401

Lolium perenne 1X999996

Avena longiglumis NC072961

Hordeum vulgare subsp vulgare MN127966
Thinopyrum obtusiflorum OK120846
Triticum aestivum NC 036024

Aegilops speltoides var ligustica AP013107
Zizania latifolia (in this study)

Oryza coarctata MG429050

Oryza minuta NC029816

Oryza sativa Indica Group JF281153
Oryza rufipogon NC013816

Sporobolus alterniflorus MT471321
Eleusine indica NC040989

Tripsacum dactyloides NC008362

Zea perennis NC008331

Zea luxurians NC 008333

Sorghum bicolor NC 008360

Poaceae

Coix lacryma jobi var puellarum MT471098

Chrysopogon zizanioides NC056367

Phylogenetic tree of 30 species. Outgroup: Ginkgo biloba and Amborella trichopoda.

important plant cultivation traits (Bi et al., 2016; Sun et al., 20165
Yang et al., 2017; Peng et al,, 2018). We detected 93 RNA editing
sites in the mitogenome of Z. latifolia. After RNA editing, the
hydrophobicity properties of 43.74% of the amino acids did not
change, and 55.51% of the amino acids changed. The number of
RNA editing events detected in cox1, nad3, and atp6 was 14, 13, and

11,
mitochondrial respiratory chain and play an important role in

respectively. They are important components of the

adapting to aquatic environments and coping with environmental
stresses. The identification of these RNA editing sites provides
necessary clues for future exploration of evolution and novel
codon prediction gene function and contributes to our better
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understanding of gene expression in plant mitogenomes. Codon
usage was generally strongly biased toward A or T(U) at the third
codon position in the Z. latifolia mitogenome. This finding was
consistent with the results of previous studies on T. aestivum
(Zhang et al,, 2007) and Zea mays (Zhou and Li, 2009).
Chloroplast-derived sequences are ubiquitously present in all
currently sequenced plant mitogenomes (Hong et al, 2021). The
MTPT of rice accounts for 6.20% of the mitogenome; the plastid
homologous sequence found in A. longiglumis is relatively small,
only 8,207 bp, accounting for 1.5% of the mitogenome. Our study
found 28,207 bp of homologous sequences between the

mitogenome and chloroplast genome of Z. latifolia, which was
approximately 7.80% of the total length of the mitogenome. The
transfer segments may influence the expansion of the mitogenome
size. In this study, annotation of chloroplast-derived sequences
revealed that most of the chloroplast-derived sequences were
homologous short segments of non-coding regions in
chloroplasts, but a few were annotated as tRNA. Chloroplast-
derived tRNA in mitochondria may be complementary to tRNA
in the mitochondrial genome.

In addition, the transfer of DNA fragments between organelle
genomes and nuclear genomes is also an important event in plant
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evolution (Qu et al, 2023). We found many small-size NUMTs
distributed over all nuclear chromosomes, which was similar to the
results obtained for A. longiglumis (the diploid oat) and Populus
deltoides (Liu et al., 2023; Qu et al., 2023). These fragments may play
an important role in evolution. For example, the rate of transfer of
chloroplast DNA to the nucleus in tobacco may have a significant
impact on existing nuclear genes (Huang et al., 2003). By analyzing
the homologous sequences between the chloroplasts and
mitogenomes and the nuclear genome, we can infer the exchange
of genetic material between gene organelles and the nucleus, thereby
providing genomic data for research on nucleocytoplasmic
interactions in Z. latifolia.

4.2 Repeat sequences and nucleotide
diversity analysis

The mitogenome contains many repetitive sequences,
encompassing tandem repeats, short repeats, and long repeats.
These sequences constitute a predominant component of non-
coding regions, influencing both functional gene domains and
mitochondrial attributes, thereby impacting mitochondrial function
and biological characteristics (Dong et al, 2018). In this study,
dispersed repeat sequences and simple repeat sequences of the Z.
latifolia mitogenome accounted for 9.44% and 8.93% of the total
length, respectively. Repetitive sequences account for approximately
12.9% of the mitogenome of Z. latifolia. Among them, there were 87
repeat sequences with a length of approximately 1 kb, and the longest
repeat sequence was approximately 5.5 kb. The wide distribution of
these sequences may be the reason for the increase in size of the
Z. latifolia mitogenome.

Individual plants with unique genotypes can be clearly
identified by utilizing molecular markers, which have been
applied in Amorphophallus albus and O. sativa (Beser et al., 2021;
Shan et al., 2023). Prior investigations have meticulously examined
the genetic diversity and genetic structure of Z. latifolia species
resources using SSR markers (Xu et al., 2008; Quan et al., 2009;
Millar et al., 2011; Chen et al., 2012). This analytical approach has
significantly advanced the classification and genetic scrutiny of Z.
latifolia. Currently, the limited quantity of SSR markers in Z.
latifolia, combined with its singular genomic coverage in the
mitogenome, emphasizes the potential significance of identifying
novel SSR markers. The identification of novel SSR markers within
the mitogenome holds promise as a foundational advancement,
poised to facilitate extended investigations into the genetic diversity
and structure of wild Zizania resources.

Nucleotide diversity serves as a metric to elucidate variations in
nucleic acid sequences among different species, with regions
exhibiting higher variation potentially offering valuable molecular
markers for population genetics (Tong et al., 2017; Liet al,, 2022). In
the mitogenome of Z. latifolia, we identified 11 genes through
comparative analysis, revealing Pi values ranging from 0.00063 to
0.02182, with most Pi values falling below 0.01. This result revealed
the low genetic diversity across the entire mitogenome of Z. latifolia.
Comparatively, wild rice exhibits the highest nucleotide diversity,
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followed by landrace, while weedy rice displays the lowest diversity
(Tongetal,, 2017). These genes with high nucleotide diversity play a
pivotal role in exploring the origin and evolution of germplasm
resources within the Zizania mitogenome. This is an important
contribution to expanding the genetic base, identifying beneficial
genes in germplasm resources from different genetic backgrounds,
and understanding differences between individuals.

4.3 Phylogenetic and evolutionary analyses
of Z. latifolia

The Poaceae family comprises approximately 1,000 species,
encompassing vital cereal crops such as wheat, rice, and maize.
Phylogenetic analyses of the Poaceae family, based on 30 published
complete mitogenome sequences, indicated that Z. latifolia was sister to
the Oryzeae clade within the subfamily Oryzoideae. Notably,
Oryzoideae (including Z. latifolia) was only a sister to Pooideae. This
finding was consistent with the topological structure derived from
chloroplast genome-based phylogenetic analyses (Zhang et al., 2016).
Previous studies utilizing nuclear and plastid data consistently
identified two major branches within the Poaceae family—BOP
(Bambusoideae, Oryzoideae, and Pooideae) and PACMAD
(Panicoideae, Arundinoideae, Chloridoideae, Micrairoideae,
Aristidoideae, and Danthonioideae)—corroborating our research
conclusions (Burke et al., 2016; Huang et al, 2022). Our results
contributed to the understanding of mitogenomic information in
Poaceae, enabling a detailed description of evolutionary relationships
and more effective interspecific molecular breeding (Choi et al., 2019;
Yang et al,, 2021; Xia et al., 2022).

Collinearity analysis revealed numerous homologous regions
among the eight Poaceae species. The varying relative positions of
these homologous regions indicated abundant rearrangements and
inversions within the eight mitogenomes. Notably, greater synteny
was observed between Z. latifolia and O. coarctata, indicating a
higher similarity in sequence composition and arrangement,
consistent with the phylogenetic tree results.

Ka/Ks analysis of the mitogenomes of Z. latifolia, O. coarctata,
O. sativa, T. aestivum, and Z. perennis showed that the Ka/Ks values
of most PCGs were less than 1, consistent with previous studies
(Cheng et al., 2021; Ma et al,, 2022). However, our study identified
genes with Ka/Ks > 1, such as sdh3, suggesting significant roles in
evolutionary history and essential life activities.

4.4 Comparison genome analysis

Plant mitogenomes exhibit variability in gene content and
structure (Kumar et al., 2016). Here, we conducted a comparative
analysis of mitogenome genes across 30 species to elucidate gene
duplication and loss events (Atluri et al., 2015; Hall et al., 2020). The
results indicated that gene losses, including rpl14, rpl33, sdh3, rps10,
and rps11, predated the formation of the Poaceae family. Within the
Poaceae family, the sdh4 gene was exclusive to A. longiglumis, rpl5
was entirely lost in Chloridoideae, mttB was absent in the
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Oryzoideae subfamily, rps19 was completely lost in Panicoideae,
and rpsI4 was only found in Lolium perenne and A. longiglumis.
Notably, all other species within the family had lost the rps14 gene.
In the Z. latifolia mitogenome, cox2, rrn5, rrnl8, and rrn26 all had
two copies, which was similar to the genus Saccharum within
Poaceae. Multiple copies of genes influence gene expression in
plant mitochondria, which may lead to enhanced function t in
adapting to different environments. These genes may affect the
translocation and splicing of mitochondrial genes (Kwasniak-
Oweczarek et al, 2019), which further affects the development,
reproduction, and other morphological and physiological traits of
plants (Zhang X. et al., 2006).

In addition, we compared the size and GC content in the
mitogenomes of 30 species. Most species showed only small
differences in genome size, except for A. trichopoda, which
exceeded 3 Mb due to the absorption of sequences from plastid
or nuclear genome (Rice et al, 2013). G. biloba had a high GC
content of 50%, while other species had smaller differences in GC
content. This indicated a stable evolution of mitogenomes over
time, supporting that the GC content remained consistent (Cheng
et al., 2021).

5 Conclusions

Here, we assembled and annotated the mitogenome of
Z. latifolia, and comparative genomic analyses were performed.
The mitogenome of Z. latifolia was 392,219 bp, containing 33 PCGs,
13 tRNA genes, and three rRNA genes. There were 46 SSRs, and
eight high-nucleotide polymorphic regions were identified in the
mitogenome of Z. latifolia, which were potential loci for the
development of molecular markers for phylogenetic analysis and
species identification of Z. latifolia. Synteny analysis and
phylogenetic analysis revealed that Z. latifolia was most closely
related to O. coarctata of the genus Oryza, which provided a kinship
basis for wild rice germplasm introgression. This study provided
valuable insights into the mitochondrial genomic resources of
Z. latifolia and contributed an important theoretical foundation
for the conservation of the germplasm diversity and the yield
improvement of Z. latifolia.

References

Asaf, S., Khan, A. L., Khan, A. R, Waqas, M., Kang, S., Khan, M. A, et al. (2016).
Mitochondrial genome analysis of wild rice (Oryza minuta) and its comparison with
other related species. PloS One 11, €152937. doi: 10.1371/journal.pone.0152937

Atluri, S, Rampersad, S. N., and Bonen, L. (2015). Retention of functional genes for
S$19 ribosomal protein in both the mitochondrion and nucleus for over 60 million years.
Mol. Genet. Genomics 290, 2325-2333. doi: 10.1007/s00438-015-1087-6

Beier, S., Thiel, T., Miinch, T., Scholz, U., and Mascher, M. (2017). MISA-web: a web
server for microsatellite prediction. Bioinformatics 33, 2583-2585. doi: 10.1093/
bioinformatics/btx198

Beser, N., Mutafcilar, Z. C., and Hasancebi, S. (2021). Diversity analysis of the rice
cultivars (Oryza sativa L.) by utilizing SSRs rice diversity by SSRs. J. Food Process. AND
PRESERVATION 45 (2). doi: 10.1111/jfpp.15232

Bi, C,, Paterson, A. H., Wang, X,, Xu, Y., Wu, D, Qu, Y., et al. (2016). Analysis of the
complete mitochondrial genome se,quence of the diploid cotton gossypium raimondii

Frontiers in Plant Science

13

10.3389/fpls.2024.1381089

Data availability statement

The original contributions presented in the study are publicly
available. This data can be found at the National Center for
Biotechnology Information (NCBI) using accession number
PRJNA1064687.

Author contributions

XL: Writing — original draft, Writing - review & editing. CG:
Writing - original draft. SG: Writing - review & editing.
ML: Writing - review & editing. HZ: Writing — review & editing.
SZ: Writing - review & editing.

Funding

The author(s) declare that no financial support was received for
the research, authorship, and/or publication of this article.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fpls.2024.1381089/

full#supplementary-material

by comparative genomics approaches. BioMed. Res. Int. 2016, 5040598. doi: 10.1155/
2016/5040598

Burke, S. V., Wysocki, W. P., Zuloaga, F. O., Craine, J. M., Pires, J. C,, Edger, P. P.,
et al. (2016). Evolutionary relationships in Panicoid grasses based on plastome
phylogenomics (Panicoideae; Poaceae). BMC Plant Biol. 16, 140. doi: 10.1186/
§12870-016-0823-3

Chen, C, Wu, Y., Li, J., Wang, X,, Zeng, Z.,, Xu, ], et al. (2023). TBtools-II: A “one for
all, all for one“ bioinformatics platform for biological big-data mining. Mol. Plant 16,
1733-1742. doi: 10.1016/j.molp.2023.09.010

Chen, S., Zhou, Y., Chen, Y., and Gu, J. (2018). fastp: an ultra-fast all-in-one FASTQ
preprocessor. Bioinf. (Oxford England) 34, i884-i890. doi: 10.1093/bioinformatics/
bty560

Chen, X, Wu, X, Zhang, J., Zhang, M., You, J., and Ru, Z. (2023). Cl}aracterilaytion of
the complete mitochondrial genome of Elymus magellanicus (E.Desv.) A.Love

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fpls.2024.1381089/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2024.1381089/full#supplementary-material
https://doi.org/10.1371/journal.pone.0152937
https://doi.org/10.1007/s00438-015-1087-6
https://doi.org/10.1093/bioinformatics/btx198
https://doi.org/10.1093/bioinformatics/btx198
https://doi.org/10.1111/jfpp.15232
https://doi.org/10.1155/2016/5040598
https://doi.org/10.1155/2016/5040598
https://doi.org/10.1186/s12870-016-0823-3
https://doi.org/10.1186/s12870-016-0823-3
https://doi.org/10.1016/j.molp.2023.09.010
https://doi.org/10.1093/bioinformatics/bty560
https://doi.org/10.1093/bioinformatics/bty560
https://doi.org/10.3389/fpls.2024.1381089
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Luo et al.

(Poaceae, Pooideae). Mitochondrial DNA Part B 8, 795-798. doi: 10.1080/
23802359.2023.2238931

Chen, Y., Chu, H,, Liu, H,, and Liu, Y. (2012). Abundant genetic diversity of the wild
rice Zizania latifolia in central China revealed by microsatellites. Ann. Appl. Biol. 161,
192-201. doi: 10.1111/j.1744-7348.2012.00564.x

Cheng, Y., He, X,, Priyadarshani, S. V. G. N., Wang, Y., Ye, L., Shi, C,, et al. (2021).
Assembly and comparative analysis of the complete mitochondrial genome of. Suaeda
glauca. BMC Genomics 22, 167. doi: 10.1186/s12864-021-07490-9

Choi, I, Schwarz, E. N., Ruhlman, T. A., Khiyami, M. A,, Sabir, J. S. M., Hajarah, N.
H., et al. (2019). Fluctuations in Fabaceae mitochondrial genome size and content are
both ancient and recent. BMC Plant Biol. 19, 448. doi: 10.1186/s12870-019-2064-8

Danecek, P., and McCarthy, S. A. (2017). BCFtools/csq: haplotype-aware variant
consequences. Bioinformatics 33, 2037-2039. doi: 10.1093/bioinformatics/btx100

Dong, S., Zhao, C., Chen, F,, Liu, Y., Zhang, S., Wu, H,, et al. (2018). The complete
mitochondrial genome of the early flowering plant Nymphaea colorata is highly
repetitive with low recombination. BMC Genomics 19, 614. doi: 10.1186/s12864-018-
4991-4

Gualberto, J. M., and Newton, K. J. (2017). Plant mitochondrial genomes: dynamics
and mechanisms of mutation. Annu. Rev. Plant Biol. 68, 225-252. doi: 10.1146/
annurev-arplant-043015-112232

Hall, N. D, Zhang, H., Mower, J. P., McElroy, J. S., and Goertzen, L. R. (2020). The
Mitochondrial Genome of Eleusine indica and Characterization of Gene Content
within Poaceae. Genome Biol. Evol. 12, 3684-3697. doi: 10.1093/gbe/evz229

Hirabayashi, H., Sasaki, K., Kambe, T., Gannaban, R. B., Miras, M. A., Mendioro, M.
S., et al. (2015). gEMF3, a novel QTL for the early-morning flowering trait from wild
rice, Oryza officinalis, to mitigate heat stress damage at flowering in rice, O. sativa. J.
Exp. Bot. 66, 1227-1236. doi: 10.1093/jxb/eru474

Hong, Z., Liao, X,, Ye, Y., Zhang, N., Yang, Z., Zhu, W, et al. (2021). A complete
mitochondrial genome for fragrant Chinese rosewood (Dalbergia odorifera, Fabaceae)
with comparative analyses of genome structure and intergenomic sequence transfers.
BMC Genomics 22, 672. doi: 10.1186/s12864-021-07967-7

Huang, C. Y., Ayliffe, M. A,, and Timmis, J. N. (2003). Direct measurement of the
transfer rate of chloroplast DNA into the nucleus. Nature 422, 72-76. doi: 10.1038/
nature01435

Huang, W., Zhang, L., Columbus, J. T., Hu, Y., Zhao, Y., Tang, L., et al. (2022). A
well-supported nuclear phylogeny of Poaceae and implications for the evolution of C4
photosynthesis. Mol. Plant 15, 755-777. doi: 10.1016/j.molp.2022.01.015

Jin, J., Yu, W., Yang, J., Song, Y., DePamphilis, C. W., Yi, T., et al. (2020).
GetOrganelle: a fast and versatile toolkit for accurate de novo assembly of organelle
genomes. Genorme Biol. 21, 241. doi: 10.1186/s13059-020-02154-5

Kim, D., Paggi, J. M., Park, C,, Bennett, C., and Salzberg, S. L. (2019). Graph-based
genome alignment and genotyping with HISAT2 and HISAT-genotype. Nat.
Biotechnol. 37, 907-915. doi: 10.1038/s41587-019-0201-4

Kolmogorov, M., Yuan, J., Lin, Y., and Pevzner, P. A. (2019). Assembly of long, error-
prone reads using repeat graphs. Nat. Biotechnol. 37, 540-546. doi: 10.1038/s41587-
019-0072-8

Kubo, T., and Newton, K. J. (2008). Angiosperm mitochondrial genomes and
mutations. Mitochondrion 8, 5-14. doi: 10.1016/j.mito.2007.10.006

Kumar, S., Stecher, G., and Tamura, K. (2016). MEGA7: molecular evolutionary
genetics analysis version 7.0 for bigger datasets. Mol. Biol. Evol. 33, 1870-1874.
doi: 10.1093/molbev/msw054

Kwasniak-Owczarek, M., Kazmierczak, U., Tomal, A., Mackiewicz, P., and Janska, H.
(2019). Deficiency of mitoribosomal S10 protein affects translation and splicing in
Arabidopsis mitochondria. Nucleic Acids Res. 47, 11790-11806. doi: 10.1093/nar/gkz1069

Li, H., Handsaker, B., Wysoker, A., Fennell, T., Ruan, J., Homer, N,, et al. (2009). The
sequence alignment/map format and SAMtools. Bioinf. (Oxford England) 25, 2078-
2079. doi: 10.1093/bioinformatics/btp352

Li, J, Tang, H,, Luo, H,, Tang, J., Zhong, N., and Xiao, L. (2023). Complete
mitochondrial genome assembly and comparison of Camellia sinensis var. Assamica
cv. Duntsa. Front. Plant Sci. 14. doi: 10.3389/fpls.2023.1117002

Li, S., Duan, W., Zhao, ., Jing, Y., Feng, M., Kuang, B., et al. (2022). Comparative
analysis of chloroplast genome in saccharum spp. and related members of ‘Saccharum
complex’. Int. J. Mol. Sci. 23, 7661. doi: 10.3390/ijms23147661

Liu, D., Guo, H,, Zhu, J., Qu, K,, Chen, Y., Guo, Y., et al. (2022). Complex physical
structure of complete mitochondrial genome of quercus acutissima (Fagaceae): A
significant energy plant. Genes 13, 1321. doi: 10.3390/genes13081321

Liu, Q.,, Yuan, H,, Xu, J,, Cui, D., Xiong, G., Schwarzacher, T., et al. (2023). The
mitochondrial genome of the diploid oat Avena longiglumis. BMC Plant Biol. 23, 218.
doi: 10.1186/512870-023-04217-8

Ma, Q, Wang, Y., Li, S, Wen, J., Zhu, L, Yan, K, et al. (2022). Assembly and
comparative analysis of the first complete mitochondrial genome of Acer truncatum
Bunge: a woody oil-tree species producing nervonic acid. BMC Plant Biol. 22, 29.
doi: 10.1186/s12870-021-03416-5

Millar, A. H., Whelan, J., Soole, K. L., and Day, D. A. (2011). Organization and
regulation of mitochondrial respiration in plants. Annu. Rev. Plant Biol. 62, 79-104.
doi: 10.1146/annurev-arplant-042110-103857

Frontiers in Plant Science

10.3389/fpls.2024.1381089

Neelam, K., Thakur, S., Neha,, Yadav, L. S., Kumar, K., Dhaliwal, S. S., et al. (2017).
Novel alleles of phosphorus-starvation tolerance 1 gene (PSTOL1) from oryza
rufipogon confers high phosphorus uptake efficiency. Front. Plant Sci. 8.
doi: 10.3389/fpls.2017.00509

Notsu, Y., Masood, S., Nishikawa, T., Kubo, N., Akiduki, G., Nakazono, M., et al.
(2002). The complete sequence of the rice (Oryza sativa L.) mitochondrial
genome: frequent DNA sequence acquisition and loss during the evolution of
flowering plants. Mol. Genet. Genomics 268, 434-445. doi: 10.1007/s00438-002-
0767-1

Oda, K., Yamato, K., Ohta, E., Nakamura, Y., Takemura, M., Nozato, N, et al. (1992).
Gene organization deduced from the complete sequence of liverwort Marchantia
polymorpha mitochondrial DNA: A primitive form of plant mitochondrial genome.
J. Mol. Biol. 223, 1-7. doi: 10.1016/0022-2836(92)90708-R

Peng, H., Guanghui, X., Hao, L., Lihua, Z, Li, Z., Meiju, T., et al. (2018). Two pivotal
RNA editing sites in the mitochondrial atpl mRNA are required for ATP synthase to
produce sufficient ATP for cotton fiber cell elongation. New Phytol. 218, 167-182.
doi: 10.1111/nph.14999

Petersen, G., Anderson, B., Braun, H., Meyer, E. H., and Moller, I. M. (2020).
Mitochondria in parasitic plants. Mitochondrion 52, 173-182. doi: 10.1016/
j.mit0.2020.03.008

Qu, Y., Zhou, P, Tong, C,, Bi, C., and Xu, L. A. (2023). Assembly and analysis of the
Populus deltoides mitochondrial genome: the first report of a multicircular
mitochondrial conformation for the genus Populus. J. Forestry Res. 34, 717-733.
doi: 10.1007/s11676-022-01511-3

Quan, Z., Pan, L, Ke, W,, Liu, Y., and Ding, Y. (2009). Sixteen polymorphic
microsatellite markers from Zizania latifolia Turcz. (Poaceae). Mol. Ecol. Resour. 9,
887-889. doi: 10.1111/§.1755-0998.2008.02357.x

Rice, D. W., Alverson, A. J,, Richardson, A. O., Young, G. J., Sanchez-Puerta, M. V.,
Munzinger, J., et al. (2013). Horizontal transfer of entire genomes via mitochondrial
fusion in the angiosperm amborella. Science 342, 1468-1473. doi: 10.1126/
science.1246275

Shan, Y., Li, ], Zhang, X., and Yu, J. (2023). The complete mitochondrial genome of
Amorphophallus albus and development of molecular markers for five
Amorphophallus species based on mitochondrial DNA. Front. Plant Sci. 14.
doi: 10.3389/fpls.2023.1180417

Shtolz, N., and Mishmar, D. (2019). The mitochondrial genome-on selective
constraints and signatures at the organism, cell, and single mitochondrion levels.
Front. Ecol. Evol. 7. doi: 10.3389/fev0.2019.00342

Skippington, E., Barkman, T. J., Rice, D. W., and Palmer, J. D. (2015). Miniaturized
mitogenome of the parasitic plant Viscum scurruloideum is extremely divergent and
dynamic and has lost all nad genes. Proc. Natl. Acad. Sci. 112, E3515-E3524.
doi: 10.1073/pnas.1504491112

Sloan, D. B, Alverson, A. J., Chuckalovcak, J. P., Wu, M., McCauley, D. E., Palmer, J.
D., et al. (2012). Rapid evolution of enormous, multichromosomal genomes in
flowering plant mitochondria with exceptionally high mutation rates. PloS Biol. 10,
€1001241. doi: 10.1371/journal.pbio.1001241

Sloan, D. B., and Wu, Z. (2014). History of plastid DNA insertions reveals weak
deletion and AT mutation biases in angiosperm mitochondrial genomes. Genome Biol.
Evol. 6, 3210-3221. doi: 10.1093/gbe/evu253

Sun, T., Bentolila, S., and Hanson, M. R. (2016). The unexpected diversity of plant
organelle RNA editosomes. Trends Plant Sci. 21, 962-973. doi: 10.1016/
j-tplants.2016.07.005

Terrell, E. E., Peterson, P. M., Reveal, J. L., and Duvall, M. R. (1997). Taxonomy of
north american species of zizania (poaceae). SIDA Contributions to Bot. 17, 533-549.

The A. P. G, Chase, M. W, Christenhusz, M. J. M., Fay, M. F,, Byng, ]. W., Judd, W.
S., et al. (2016). An update of the Angiosperm Phylogeny Group classification for the
orders and families of flowering plants: APG IV. Botanical J. Linn. Soc. 181, 1-20.
doi: 10.1111/b0j.2016.181.issue-1

Tong, W., He, Q., and Park, Y. (2017). Genetic variation architecture of
mitochondrial genome reveals the differentiation in Korean landrace and weedy rice.
Sci. Rep. 7, 43327. doi: 10.1038/srep43327

Wang, D., Zhang, Y., Zhang, Z., Zhu, J., and Yu, J. (2010). KaKs_Calculator 2.0: A
toolkit incorporating gamma-series methods and sliding window strategies. Genomics
Proteomics Bioinf. 8, 77-80. doi: 10.1016/S1672-0229(10)60008-3

Wang, J., Kan, S., Liao, X., Zhou, J., Tembrock, L. R., Daniell, H., et al. (2024). Plant
organellar genomes: much done, much more to do. Trends Plant Sci. 29 (7), 754-769.
doi: 10.1016/j.tplants.2023.12.014

Wang, Y., Xie, W,, Cao, J., He, Y., Zhao, Y., Qu, C, et al. (2021). The complete
mitochondrial genome of Sporobolus alterniflorus (loisel.) P.M. Peterson & Saarela
(Poaceae) and phylogenetic analysis. Mitochondrial DNA Part B 6, 1303-1305.
doi: 10.1080/23802359.2021.1907248

Wick, R. R,, Schultz, M. B, Zobel, J., and Holt, K. E. (2015). Bandage: interactive
visualization of de novo genome assemblies. Bioinformatics 31, 3350-3352.
doi: 10.1093/bioinformatics/btv383

Wu, S, Liu, W., Aljohi, H. A., Alromaih, S. A., Alanazi, I. O,, Lin, Q,, et al. (2018).
REDO: RNA editing detection in plant organelles based on variant calling results.
J. Comput. Biol. 25, 509-516. doi: 10.1089/cmb.2017.0214

frontiersin.org


https://doi.org/10.1080/23802359.2023.2238931
https://doi.org/10.1080/23802359.2023.2238931
https://doi.org/10.1111/j.1744-7348.2012.00564.x
https://doi.org/10.1186/s12864-021-07490-9
https://doi.org/10.1186/s12870-019-2064-8
https://doi.org/10.1093/bioinformatics/btx100
https://doi.org/10.1186/s12864-018-4991-4
https://doi.org/10.1186/s12864-018-4991-4
https://doi.org/10.1146/annurev-arplant-043015-112232
https://doi.org/10.1146/annurev-arplant-043015-112232
https://doi.org/10.1093/gbe/evz229
https://doi.org/10.1093/jxb/eru474
https://doi.org/10.1186/s12864-021-07967-7
https://doi.org/10.1038/nature01435
https://doi.org/10.1038/nature01435
https://doi.org/10.1016/j.molp.2022.01.015
https://doi.org/10.1186/s13059-020-02154-5
https://doi.org/10.1038/s41587-019-0201-4
https://doi.org/10.1038/s41587-019-0072-8
https://doi.org/10.1038/s41587-019-0072-8
https://doi.org/10.1016/j.mito.2007.10.006
https://doi.org/10.1093/molbev/msw054
https://doi.org/10.1093/nar/gkz1069
https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.3389/fpls.2023.1117002
https://doi.org/10.3390/ijms23147661
https://doi.org/10.3390/genes13081321
https://doi.org/10.1186/s12870-023-04217-8
https://doi.org/10.1186/s12870-021-03416-5
https://doi.org/10.1146/annurev-arplant-042110-103857
https://doi.org/10.3389/fpls.2017.00509
https://doi.org/10.1007/s00438-002-0767-1
https://doi.org/10.1007/s00438-002-0767-1
https://doi.org/10.1016/0022-2836(92)90708-R
https://doi.org/10.1111/nph.14999
https://doi.org/10.1016/j.mito.2020.03.008
https://doi.org/10.1016/j.mito.2020.03.008
https://doi.org/10.1007/s11676-022-01511-3
https://doi.org/10.1111/j.1755-0998.2008.02357.x
https://doi.org/10.1126/science.1246275
https://doi.org/10.1126/science.1246275
https://doi.org/10.3389/fpls.2023.1180417
https://doi.org/10.3389/fevo.2019.00342
https://doi.org/10.1073/pnas.1504491112
https://doi.org/10.1371/journal.pbio.1001241
https://doi.org/10.1093/gbe/evu253
https://doi.org/10.1016/j.tplants.2016.07.005
https://doi.org/10.1016/j.tplants.2016.07.005
https://doi.org/10.1111/boj.2016.181.issue-1
https://doi.org/10.1038/srep43327
https://doi.org/10.1016/S1672-0229(10)60008-3
https://doi.org/10.1016/j.tplants.2023.12.014
https://doi.org/10.1080/23802359.2021.1907248
https://doi.org/10.1093/bioinformatics/btv383
https://doi.org/10.1089/cmb.2017.0214
https://doi.org/10.3389/fpls.2024.1381089
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Luo et al.

Wu, Z,, Fang, D., Yang, R, Gao, F.,, An, X,, Zhuo, X,, et al. (2018). De novo genome
assembly of Oryza granulata reveals rapid genome expansion and adaptive evolution.
Commun. Biol. 1, 84. doi: 10.1038/s42003-018-0089-4

Xia, L., Cheng, C., Zhao, X, He, X., Yu, X,, Li, J., et al. (2022). Characterization of the
mitochondrial genome of Cucumis hystrix and comparison with other cucurbit crops.
Gene 823, 146342. doi: 10.1016/j.gene.2022.146342

Xu, X, Ke, W., Yu, X,, Wen, ], and Ge, S. (2008). A preliminary study on population
genetic structure and phylogeography of the wild and cultivated Zizania latifolia
(Poaceae) based on Adhla sequences. Theor. Appl. Genet. 116, 835-843. doi: 10.1007/
s00122-008-0717-3

Yan, N, Yang, T., Yu, X,, Shang, L., Guo, D., Zhang, Y., et al. (2022). Chromosome-
level genome assembly of Zizania latifolia provides insights into its seed shattering and
phytocassane biosynthesis. Commun. Biol. 5, 36. doi: 10.1038/542003-021-02993-3

Yang, H., Li, W., Yu, X,, Zhang, X, Zhang, Z., Liu, Y., et al. (2021). Insights into
molecular structure, genome evolution and phylogenetic implication through
mitochondrial genome sequence of Gleditsia sinensis. Sci. Rep. 11, 14850.
doi: 10.1038/s41598-021-93480-6

Yang, Y., Zhu, G, Li, R, Yan, S., Fu, D., Zhu, B,, et al. (2017). The RNA editing factor
SIORRM4 is required for normal fruit ripening in tomato. Plant Physiol. 175, 1690~
1702. doi: 10.1104/pp.17.01265

Ye, J., Duan, Y., Hu, G., Geng, X., Zhang, G., Yan, P,, et al. (2017). Identification of
candidate genes and biosynthesis pathways related to fertility conversion by wheat
KTM3315A transcriptome profiling. Front. Plant Sci. 8. doi: 10.3389/fpls.2017.00449

Frontiers in Plant Science

15

10.3389/fpls.2024.1381089

Zhang, D., Gao, F., Jakovli¢, I, Zou, H., Zhang, J., Li, W. X,, et al. (2020). PhyloSuite:
An integrated and scalable desktop platform for streamlined molecular sequence data
management and evolutionary phylogenetics studies. Mol. Ecol. Resour. 20, 348-355.
doi: 10.1111/1755-0998.13096

Zhang, D,, Li, K, Gao, ], Liu, Y., and Gao, L. (2016). The complete plastid genome
sequence of the wild rice zizania latifolia and comparative chloroplast genomics of the
rice tribe oryzeae, poaceae. Front. Ecol. Evol. 4. doi: 10.3389/fev0.2016.00088

Zhang, W, Zhou, J., Li, Z., Wang, L., Gu, X,, and Zhong, Y. (2007). Comparative
analysis of codon usage patterns among mitochondrion, chloroplast and nuclear genes
in Triticum aestivum L. J. Integr. Plant Biol. 49, 246-254. doi: 10.1111/j.1744-
7909.2007.00404.x

Zhang, X., Takano, T., and Liu, S. (2006). Identification of a mitochondrial ATP
synthase small subunit gene (RMtATP6) expressed in response to salts and osmotic
stresses in rice (Oryza sativa L.). J. Exp. Bot. 57, 193-200. doi: 10.1093/jxb/erj025

Zhang, Z., Li, J., Zhao, X., Wang, ., Wong, G. K,, and Yu, J. (2006). KaKs_Calculator:
calculating Ka and Ks through model selection and model averaging. Genomics
Proteomics Bioinf. 4, 259-263. doi: 10.1016/S1672-0229(07)60007-2

Zhong, H., Kong, W., Gong, Z., Fang, X, Deng, X,, Liu, C,, et al. (2019). Evolutionary
analyses reveal diverged patterns of SQUAMOSA promoter binding protein-like (SPL)
gene family in oryza genus. Front. Plant Sci. 10. doi: 10.3389/fpls.2019.00565

Zhou, M., and Li, X. (2009). Analysis of synonymous codon usage patterns in

different plant mitochondrial genomes. Mol. Biol. Rep. 36, 2039-2046. doi: 10.1007/
s11033-008-9414-1

frontiersin.org


https://doi.org/10.1038/s42003-018-0089-4
https://doi.org/10.1016/j.gene.2022.146342
https://doi.org/10.1007/s00122-008-0717-3
https://doi.org/10.1007/s00122-008-0717-3
https://doi.org/10.1038/s42003-021-02993-3
https://doi.org/10.1038/s41598-021-93480-6
https://doi.org/10.1104/pp.17.01265
https://doi.org/10.3389/fpls.2017.00449
https://doi.org/10.1111/1755-0998.13096
https://doi.org/10.3389/fevo.2016.00088
https://doi.org/10.1111/j.1744-7909.2007.00404.x
https://doi.org/10.1111/j.1744-7909.2007.00404.x
https://doi.org/10.1093/jxb/erj025
https://doi.org/10.1016/S1672-0229(07)60007-2
https://doi.org/10.3389/fpls.2019.00565
https://doi.org/10.1007/s11033-008-9414-1
https://doi.org/10.1007/s11033-008-9414-1
https://doi.org/10.3389/fpls.2024.1381089
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Complete mitochondrial genome assembly of Zizania latifolia and comparative genome analysis
	1 Introduction
	2 Materials and methods
	2.1 Plant materials and genome sequencing
	2.2 Mitogenome assembly and annotation
	2.3 Repeat sequence analysis
	2.4 Chloroplast to mitochondrion DNA transformation and nuclear mitochondrial DNA segments
	2.5 Transcriptome sequencing and RNA editing event
	2.6 Codon preference analysis
	2.7 Non-synonymous and synonymous substitution analysis
	2.8 Phylogenetic analysis
	2.9 Collinear analysis and comparative genome analysis

	3 Results
	3.1 Mitogenome assembly, annotation, and gene features
	3.2 Repeat sequences, codon usage, and RNA editing site analysis
	3.3 Chloroplast-derived and nuclear-derived sequence analysis
	3.4 Collinearity analysis and gene rearrangement
	3.5 Phylogenetic analysis
	3.6 Nucleotide diversity analysis and the synonymous and non-synonymous substitution
	3.7 Gene duplication and loss, and characteristic difference of mitogenomes

	4 Discussion
	4.1 Characterization of the Z. latifolia mitogenome
	4.2 Repeat sequences and nucleotide diversity analysis
	4.3 Phylogenetic and evolutionary analyses of Z. latifolia
	4.4 Comparison genome analysis

	5 Conclusions
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


