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Complete mitochondrial genome
of Agropyron cristatum reveals gene transfer
and RNA editing events
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Abstract

Background As an important forage in arid and semi-arid regions, Agropyron cristatum provides livestock with
exceptionally high nutritional value. Additionally, A. cristatum exhibits outstanding genetic characteristics to endure
drought and disease. Therefore, rich genetic diversity serves as a cornerstone for the improvement of major food
crops. The purposes of this study were to systematically describe mitogenome of A.cristatum and preliminarily analyze
its internal variations.

Result The A. cristatum mitogenome was a single-ring molecular structure of 381,065 bp that comprised 52

genes, including 35 protein-coding, 3 rRNA and 14 tRNA genes. Among these, two pseudoprotein-coding genes

and multiple copies of tRNA genes were observed. A total of 320 repetitive sequences was found to cover more

than 10% of the mitogenome (105 simple sequences, 185 dispersed and 30 tandem repeats), which led to a large
number of fragment rearrangements in the mitogenome of A. cristatum. Leucine was the most frequent amino acid
(n=1087,10.8%) in the protein-coding genes of A. cristatum mitogenome, and the highest usage codon was ATG
(initiation codon). The number of A/T changes at the third base of the codon was much higher than that of G/C.
Among 23 PCGs, the range of Pi values is from 0.0021 to 0.0539, with an average of 0.013. Additionally, 81 RNA editing
sites were predicted, which were considerably fewer than those reported in other plant mitogenomes. Most of the
RNA editing site base positions were concentrated at the first and second codon bases, which were C to T transitions.
Moreover, we identified 95 sequence fragments (total length of 34, 343 bp) that were transferred from the chloroplast
to mitochondria genes, introns, and intergenic regions. The stability of the tRNA genes was maintained during this
process. Selection pressure analysis of 23 protein-coding genes shared by 15 Poaceae plants, showed that most
genes were subjected to purifying selection during evolution, whereas rps4, cob, mttB, and ccmB underwent positive
selection in different plants. Finally, a phylogenetic tree was constructed based on 22 plant mitogenomes, which
showed that Agropyron plants have a high degree of independent heritability in Triticeae.

Conclusion The findings of this study provide new data for a better understanding of A. cristatum genes, and
demonstrate that mitogenomes are suitable for the study of plant classifications, such as those of Agropyron.
Moreover, it provides a reference for further exploration of the phylogenetic relationships within Agropyron species,
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and establishes a theoretical basis for the subsequent development and utilization of A. cristatum plant germplasm

resources.

Keywords Agropyron cristatum, Gene transfer, Mitogenome, RNA editing, Triticeae

Background

Triticeae is a botanical tribe that comprises a large num-
ber of grass species that can be used as a mainstay of food
and animal husbandry. In particular, crested wheatgrass
complex (Agropyron spp.), which can be found in moun-
tains, grassland, deserts, and other areas of Northern
Europe and Asia [1-3]. It has a wide ecological range,
so that performs excellently in low temperature, water
deficiency and other adverse adaptations. Furthermore,
it has outstanding advantages in controlling weed inva-
sion and creating a conducive habitat for livestock owing
its perennial and strong root growth [3, 4]. Agropyron
are polyploid plants that were often erroneously grouped
with plants of other genera within Triticaae during its
early classification [1]. Analysis of its chromosomes
revealed the presence of P-type genome that is genome
symbol (a diploid Agropyron species is shown as P),
which allowed to formally establish its classification [5].
At present, 10~ 15 species of Agropyron species have
been identified (exclude infraspecific names), some of
which are controversial. There are 5 species (1 endemic
species) in China (A.cristatum, A.desertorun, A.michnoi,
A.sibiricum, A.mongolicum) [1, 2, 5].

Chloroplasts and mitochondria in plants are extremely
important semi-autonomous organelles, and their
genomes are of great significance for research. Since the
publication of the first mitochondrial genome in 1981
[6], subsequent research has clarified the mitochondrial
structure and its changing features in different species.
Plant mitogenomes are larger length and have more com-
plex variations than those in animals [7-9]. Most plant
mitogenomes range in size from 200 to 800kb [10], with
the two most extreme examples found to data being those
of spermatophytes of Viscum scurruloideum (66 kb) [11]
and Larix sibirica (11.7 Mb) [12]. Initially, the structure of
plant mitochondria was generally recognized as a mainly
circular; however, further studies revealed that mito-
chondria also have non-circular structures (i.e., circularly
permuted linear molecules) [8], which are a consequence
of the frequent recombination of a large number of repet-
itive sequences, insertion of exogenous genes and loss of
internal genes in plant mitochondria [13, 14]. Under such
high frequency of mutations, the mitochondria lacks a
DNA repair system, resulting in more complex structural
changes in plant mitochondria [15]. Paradoxically, mito-
chondria undertake the key task of supplying energy and
are involved in various physiological activities, including
male sterility in plant cells [16]. As one of the primary
carriers of complete genetic information within a cell, the

mitogenome is also a very important pathway for study-
ing the genetic evolution of species themselves.

The initial traditional classification system relying on
morphological phenotypes was characterized by its gen-
erality and broad scope, owing to which Agropyron was
once considered the largest genus in the Triticeae tribe
(with approximately 100 plant species) [17]. Subse-
quently, cytogenetic analysis helped to accurately deter-
mine the chromosome types of the Agropyron genus and
define a recognizable group of plants. In recent years,
researchers have identified the chromosomes in diploid
Agropyron using fluorescent in situ hybridization analy-
sis, which has allowed to establish the phylogenetic rela-
tionships between Agropyron spp. and hexaploid wheat
[18]. Furthermore, analysis of different molecular mark-
ers, such as simple sequence repeats (SSRs) and gliadin,
as well as the identification of several single nucleotide
polymorphisms (SNPs) within the 214,854 transcript
sequences recognized via high-throughput sequenc-
ing have provided a detailed description of the genetic
relationships between species of the Agropyron genus
and the Triticeae tribe [19-21]. Notably, whole-genome
phylogenetic analysis revealed that the Agropyron genus
has an independent genetic position within the Triticeae
tribe [22]. Accumulated molecular evidences suggest that
Agropyron spp. have valuable genetic features that can be
used to improve the ecological and economic output of
other forage grasses and major food crops. Therefore, a
better understanding of the evolutionary classification of
the Agropyron genus may facilitate the development of
new approaches to explore the genetic features of Agro-
pyron spp. more comprehensively.

The present study aimed to characterize the mitoge-
nome of A. cristatum and provide insights into the
genetic variation events that have occurred throughout
its evolution. The collected genetic data is expected to
provide an effective theoretical basis and reference for
the genetic analysis and subsequent utilization of Agro-
pyron features for greater societal and economic impacts.

Materials and methods

DNA extraction, genome sequencing, and assembly

Fresh leaves of A. cristatum were collected from Hohhot,
Inner Mongolia, China (40.57°N, 111.93°E) and depos-
ited in the National Medium-Term Genebank For-
age Germplasm (Hohhot, China). Genomic DNA was
extracted from the leaves using a Plant DNA Isolation
Kit (Tiangen Biotech, Beijing, China) and sequenced
using Novaseq6000 (Illumina, San Diego, CA, USA)
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and PromethION (Oxford Nanopore Technologies,
Oxford, UK) sequencing systems. PromethIONs data
were aligned to the reference gene sequence using the
minimap2 (v2.1) algorithm [23] to obtain the mitoge-
nome sequence and was corrected using canu (v2.2) [24].
Bowtie2 (v2.3.5.1) [25] was used to align the second-gen-
eration sequencing data with the corrected sequences.
Subsequently, the aligned second-generation and cor-
rected third-generation data were assembled using Uni-
cycler (v0.4.8) [26] with default parameters. Finally, the
assembly results are visualized and manually adjusted
using Bandage software (v0.8.1) [27].

Genome annotation

The mitogenome of A.cristatum was annotated using
GeSeq [28] with reference to previously released mitoge-
nome data of Triticeae species (accession number:
NC_036024.1, KJ078649.1 and NC_022714.1 ) and was
then manually adjusting into a circular mitogenome
model. The chloroplast genome was conducted using
the second-generation raw data from the same mate-
rial, assembled with the software GetOrganelle (v1.7.7.0)
[29], and annotated with the PGA tools [30]. The genome
map was visualized using the Organellar Genome Draw
(OGDRAW) software (v1.3.1) [31].

Repeat sequence identification

A. cristatum mitogenome was analyzed using MISA [32]
to identify SSR motifs with lengths of at least mono-10,
di-5, tri-4, tetra-3, penta-3, and hexa-3. Tandem Repeats
Finder [33] was used with standard settings for tandem
repeat identification. REPuter [34] was used to identify
dispersed repeats exceeding 29 base pairs and using a
Hamming distance threshold of 3 and an E-value cutoff
of 1x107° to classify them as forward, reverse, palin-
dromic, or complementary repeats.

Codon usage bias analysis

The relative synonymous codon usage (RSCU) values of
the protein-coding genes (PCGs) and their amino acid
compositions were calculated using the CodonW soft-
ware, and codon preferences were configured using Perl
scripts. to select unique CDS, and plotted the results with
R.

Selective pressure calculation and nucleotide diversity (pi)
analysis

Non-synonymous (Ka) and synonymous (Ks) substitution
rates were calculated using DnaSP (v6.12.0) [35], based
on a total of 23 shared PCGs—atpl, atp4, atp6, atp8,
atp9, ccmB, ccmFe, ccemFn, cob, coxl, cox2, cox3, mttB,
nad4, nadé6, nad7, nad9, rpsl, rps2, rps4, rps7, rpsl3 and
rps14—within the mitogenomes of A.cristatum and 15
other Poaceae spp. that sequence alignment performed
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by MAFFT (version 7.131) [36]. We subsequently calcu-
lated the Pi values for each gene with DnaSP (v6.12.0).

Prediction of RNA editing sites

Based on three RNA-sequencing datasets of A. crista-
tum deposited in the Sequence Read Archive database
(https://www.ncbi.nlm.nih.gov/sra/; accession numbers:
SRR22796184, SRR22796185 and SRR22796186), we
identified the putative RNA editing sites in mitochon-
drial PCGs. RNA sequences of mitochondrial PCGs were
aligned using BWA software (v0.7.15) [37]. Subsequently,
SAMtools (v1.17) [38] and BCFtools (v1.17) [39] were
employed for SNP identification. For RNA editing site
detection and annotation, SNP data were analyzed with
REDO (v1.0) [40] in default parameters. To filter out spu-
rious RNA-editing sites, DNA-seq data were mapped to
the A. cristatum mitogenome using BWA and BCFtools
were applied to identify genomic SNPs, thereby excluding
any overlapping sites from the RNA editing candidates.

Chloroplast-derived mitochondrial sequence identification
The chloroplast genome sequences of A. cristatum were
derived from in-house assemblies. To identify homolo-
gous segments between the chloroplast and mitochon-
drial genomes, BLASTN was used with an E-value
threshold of 1x107° to screen for the transferred DNA
fragments. The transfer of genes from the chloroplasts
to the mitochondria was visually depicted using TB tools
(v2.091) [41].

Phylogenetic analysis

Phylogenetic analysis was performed based on 23 shared
PCGs derived from the complete mitogenomes of 20
selected Poaceae spp., with Glycine max and Medicago
truncatula as the outgroups. The mitogenome data for
the reference accessions were obtained from the National
Center for Biotechnology Information database (Table
S1). Nucleotide sequences of the selected PCGs were
concatenated and multiple sequence alignments were
performed using MAFFT (v7.131) [36]. Phylogenetic tree
construction involved implementing Maximum Likeli-
hood (ML) with optimal models determined using Mod-
elFinder (IQ-Tree v2.3.2) [42]. Specifically, the ML tree
was inferred via RAXxML [43] using the GTRGAMMA
model supported by 1,000 bootstraps.

Results

Genomic features of the agropyron cristatum mitogenome
Based on our assembly results, the mitogenome struc-
ture of A. cristatum was the same as that of most plants.
It had a single circular molecular structure with a length
of 381,065 bp (Fig. 1) and a GC content of 44.28%. In the
complete mitochondrial genome of A. cristatum, we have
identified and annotated 52 genes. According to their
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different functions, they were further divided into 4 main
groups (Table 1). The first group contained 14 core genes,
and the second group contained 21 variable genes, 50%
of which were related to Ribosomal proteins. These 35
sequences were PCGs in the mitogenome that belonged
to ten different functional groups. 3 rRNA genes and
14 tRNA genes in another two groups. In the process
of constructing genome structure and annotating genes
(Table S2), we found that ccmFc, cox2, rpsl and rps3 all
contained one intron; nad4 contained three introns; and

nadl, nad2, nad5 and nad?7 have four introns in these 52
genes. The multi-copy genes were mainly concentrated in
the two groups of rRNA and tRNA. Among them, rrn26,
truD-GTC, truK-TTT, trnP-TGG and trnQ-TTG owned
two copies; rrnl8 and rrn5 owned three copies; while
truM-CAT owned five copies. In addition, only ccrmC was
a protein-coding gene with two copies. Two pseudogenes
(rps14 and sdh4) were also identified among the anno-
tated mitochondrial genes.
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Table 1 Gene composition in the Agropyron cristatum
mitogenome
Group of genes

Gene name

Core ATP synthase atpl, atp4, atp6, atp8, atp9
genes Cytochrome ¢ ccmB, ccm(C(2), ccmFc*, ccmFn
biogenesis
Ubiquinol cyto- cob
chrome c reductase
Cytochrome ¢ cox1,cox2*, cox3
oxidase
Maturases matR
Variable  Transport mem- mttB
genes brane protein
NADH nad1**** nad2**** nad3,nad4*** nad
dehydrogenase 4L, nad5**** nad6,nad7****,nad9
Ribosomal proteins  rpl16
(LSV)
Ribosomal proteins  #rps14,rps1*rps12,rps13,rps19,rps2,rps
(SSV) 3*rps4,rps7
Succinate #sdh4
dehydrogenase
rRNA Ribosomal RNAs 18(3), rrn26(2), rr5(3)
genes
tRNA Transfer RNAs trnC-GCA, trnD-GTC(2), trnE-TTC, trnF-
genes GAA, trnK-TTT(2), trnM-CAT(5), trnN-

GTT, trnP-TGG(2) trnQ-TTG(2), trnS-GCT,
trnS-GGA, trnS-TGA, trnW-CCA, trnY-GTA

* Represent introns. # Indicate pseudogenes. Numbers within parentheses
indicate the number of copies of multicopy genes

Anatomization of repeat sequence

While analyzing the repeat sequences in A. cristatum
mitogenome, we mainly focused on three types: simple
sequence, tandem, and dispersed repeats (Fig. 2). A total
of 97 complete and 4 compound SSRs sequences were
identified in the entire A. cristatum mitogenome (Table
S3). After further splitting, 105 SSRs were obtained
(Fig. 3). Among the 1-6 nucleotide repeat types, the
number of tetranucleotide repeats accounted for the
largest proportion (34.3%), followed by mononucleotide
(26.7%), dinucleotide (16.2%), trinucleotide (13.3%), pen-
tanucleotide (7.6%), and hexanucleotide (1.9%). From
sizes of the repeat type, their coverage on the complete
mitogenome is not extensive that the highest coverage is
only 0.1%. A total of 32 different repeat motifs (Table S4)
were identified among all SSRs, the average motif counts
for different types of repeats, from high to low, is as fol-
lows: mononucleotide (n=14), dinucleotide (n=5.7),
tetranucleotide (n=3), trinucleotide (#=2.3), hexanucle-
otide (n=2), pentanucleotide (n=1). From the all motifs,
the most frequent repeat motif being of A/T (n=24,
22.9%), followed by the sequence with AATG/AATC
(n=16, 15.2%) and AT/AT (n=10, 9.5%) as the repeat
motifs. The number of other repeat motifs did not exceed
5 (4.8%). Although these sequences were composed of
different repeat types and motifs, their distributions
in the mitogenome were highly similar. Among the 105
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SSRs, 88.6% (1n=93) of the sequences were located in the
intergenic spacer (IGS), 6.7% (n=7) in the introns, and
4.7% (n=>5) in the coding regions of the five genes (atp8,
rps2, rps3, ccmFn, and nadl).

Another type of repetitive sequence appeared in A.
cristatum mitogenome was the dispersed repeats. Using
the corresponding parameter settings, a total of 185
(11.5%) dispersed repetitive sequences with a mean
length of approximately 29 bp (total length of 43,916 bp)
were detected (Fig. 4 and Table S5). Among them, 92
(49.7%) were forward repeat sequences and 93 (50.3%)
were palindromic repeat sequences. Although the two
types of repeat sequences were evenly distributed within
the mitogenome, they were differently distributed con-
sidering their lengths. Five sequences exceeded 2 kb,
with the longest forward repeat sequence being 8,337 bp
that encoded two rrn26 genes, and the longest palin-
dromic repeat sequence being 7,814 bp that encoded six
genes (two rrnl8, two ccmC, and two rru5). The length
distribution of scattered repeat sequences in the A. cris-
tatum mitogenome could be roughly divided into three
regions, with the main distribution area ranging from 29
to 69 bp, of which the number of sequences ranging from
40 to 49 bp was the largest (forward: 27, palindromic:
27; 29.2%), whereas the distribution area ranging from
70 to 99 bp was the smallest (forward: 15, palindromic:
13; 15.1%). In addition, sequences longer than 100 bp
also had a certain number (forward: 18, palindromic:
12; 16.2%). The proportion of sequences that were com-
pletely or partially located in the IGS region among the
scattered repeat sequences was 86.5%, which was similar
to the distribution of microsatellite repeat sequences.

In addition, we searched for 30 tandem repeat
sequences in the complete mitogenome of A. cristatum,
with a length range of 6 to 70 bp and a matching degree
of 78% or higher. Fifteen sequences (50%) had a matching
degree of 100% (Table S6). The copy number variation
of these 30 tandem repeat sequences ranged between
1.9 and 4.3, indicating that a considerable portion of
the tandem repeat sequences were incomplete copies.
Unsurprisingly, the distribution of the identified tan-
dem repeat sequences within the mitogenome followed
the same trend as that of the other two types of repeti-
tive sequences: 28 sequences (93.3%) were distributed in
the IGS region of each gene, and only two tandem repeat
sequences were located in the coding regions of rps2 and
rps4.

Codon usage analysis of PCGs

In total, 10,101 codons were used to encode 35 PCGs in
the A. cristatum mitogenome (Table 2). The top three
most frequently amino acids were Leu (10.8%), Ser
(9.0%), and Ile (7.9%), whereas Ter was the least frequent
amino acid with only 33 occurrences (0.3%). Other amino
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acids were expressed at frequencies exceeding 100. Fur-
ther analysis showed that all 64 codons in the A. crista-
tum mitogenome were evenly used, with approximately
half of them being more widely used (RSCU>1) and half
being used less frequently (RSCU<1) (Fig. 5). Among all
codons, only the stop codon TGA and tryptophan (TGG)
had RSCU values of 1 (Fig. 5), indicating that these two
codons were at a normal level. Among the codons with
RSCU>1, the most commonly used was the initiation
codon methionine (ATG), with an RSCU=3, whereas the
termination codon (TAA) had the highest usage, with an
RSCU=1.27. Although one amino acid corresponds to

multiple codons, there are varying degrees of preference
for codons used in the A. cristatum mitogenome. For
example, although four codons were used to encode gly-
cine in the A. cristatum mitogenome, GGA (RSCU=1.44)
and GGT (RSCU=1.29) codons were more frequently
used. Moreover, the third base ending in A/T (n=28) was
more frequently used than the G/C ending (n=3) among
the preferred codons, which is consistent with the com-
position of codons in most plant mitogenomes.
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Table 2 Codon counts in the Agropyron cristatum mitochondrial PCGs

Codon Count Codon Count Codon Count Codon Count
UAA(*) 14 GGC(G) 98 AUG(M) 268 AGU(S) 163
UAG(*) 8 GGG(G) 123 AAC(N) 99 UCA(S) 180
UGA(®) 11 GGU(G) 225 AAU(N) 226 UCC(S) 145
GCA(A) 152 CAC(H) 57 CCA(P) 163 UCG(S) 121
GCC(A) 158 CAU(H) 186 CCC(P) 120 ucu(s) 203
GCG(A) 95 AUA() 227 CCG(P) 71 ACA(T) 129
GCU(A) 257 AUC() 219 CCU(P) 184 ACC(T) 132
UGC(C) 53 AUU() 355 CAAQ) 221 ACG(T) 74
UGU(©O) 91 AAA(K) 260 CAG(Q) 62 ACU(T) 177
GAC(D) 106 AAG(K) 177 AGA(R) 165 GUA(V) 170
GAU(D) 228 CUAL) 164 AGG(R) 91 GUC(V) 116
GAA(E) 277 cuc) 121 CGAR) 137 GUG(V) 142
GAG(E) 129 CUG(L) 100 CGC(R) 62 GUU(V) 191
UUC(F) 269 CUUL) 222 CGG(R) 81 UGG(W) 144
UUU(F) 400 UUA(L) 273 CGU(R) 141 UAC(Y) 74
GGA(G) 250 UUG(L) 207 AGC(S) 98 UAU(Y) 239
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Fig. 6 A dot plot of the Ka/Ks values of 23 protein-coding genes in mitogenomes of Agropyron cristatum versus 15 Poaceae species

The substitution rates of mitochondrial PCGs

We selected 15 species of grass plants (including rice,
barley, maize, and sorghum) and analyzed the ratio of
nonsynonymous-to-synonymous substitutions in 23
PCGs related to mitogenome of A. cristatum. The results
shown indicated that not all of the 16 species had 23
PCGs (Fig. 6), which were missing to varying degrees
in wheat, barley, rice, Aegilops speltoides, Thinopyrum

obtusiflorum, and Elymus magellanicus, whereas were
present in sorghum and maize. Among them, Thinopy-
rum obtusiflorum missed 13 PCGs, whereas only two
genes were missing in Oryza sativa subsp. Indica (Table
S7). Of note, within the 23 PCGs of the two species of
sorghum, only rpsI2 had a Ka/Ks=Na/0=0 whereas all
the remaining genes had Ka/Ks<1, indicating that these
genes were more affected by negative selection during
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evolution (namely, purifying selection) and showing a
conservative tendency towards synonymous substitu-
tions. Among the four species of Zea, two genes (rpsi2
and rps7) had Ka/Ks=Na/0=0. In contrast, ccmB had
Ka/Ks>1 in Zea perennis and Zea Iluxurians (both
1.33467), and nad6 had Ka/Ks>1 in Zea mays subsp.
Mays and Zea mays subsp. Parviglumis (both 1.0524).
These results indicated that although most genes in the
15 plant species showed a more conservative evolution-
ary trend, there were still individual genes with very
high positive selection effects. For example, rps4 had
a Ka/Ks>1.5 in six plants species, including Triticum,
Hordeum vulgare, and Aegilops, with a Ka/Ks=4.30778
in two Hordeum spp., and cob had a Ka/Ks=6.48797 in
two wheat plants (Triticum durum and Triticum aesti-
vum). These results indicate that the genes in these plants
underwent dramatic and important changes during their
evolution, which are of great significance for their own
development.

Nucleotide diversity

To further explore the selection variation of genes under
different selective pressures in the mitochondria of Agro-
pyron cristatum, we conducted nucleotide diversity on 23

PCGs in the substitution rates. Among these 23 PCGs,
the range of Pi values is from 0.0021 to 0.0539, with an
average of 0.013. Among them, the gene atp6 has the
highest variability (Pi=0.0539), while nad7 (Pi=0.0021)
and ccmb (Pi=0.0025) have the lowest, with a huge gap
of 25 times between them. At the same time, we also
noticed that nearly half of the 23 protein-coding genes
(n=11) have a polymorphism greater than 0.01, with a
much larger variation range than those genes with poly-
morphism less than 0.01. From the perspective of func-
tional enrichment, these 23 PCGs show higher variability
in genes related to ATP synthase function, while genes
involved in a series of activities such as Cytochrome c
have lower performence.

RNA editing sites prediction

RNA editing in plants primarily occurs in organelles such
as mitochondria and chloroplasts, and is closely related
to the functions of these organelles. Therefore, for the
study of the mitogenome in A. cristatum, RNA editing is
a very important molecular mechanism [15, 39]. Through
the analysis and prediction of PCGs in the mitogenome
of A. cristatum, we identified 81 effective RNA editing
sites distributed across 14 PCGs (Fig. 8). Of note, nad4
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and atpl were the genes with most RNA editing sites
(19 and 14 sites, respectively), whereas nad?7, rps12, and
rpsl13 only had one RNA editing site. The number of
change sites in the remaining genes ranged from three to
eight (Table S8). There were 11 types of changes in the
identified 81 RNA editing sites, mainly C to T changes
(n=53, 65.4%). In addition, except for the mutual changes
in A and G that occurred more than five times, the fre-
quency of the other change types was less than four.
The RNA editing sites identified involve changes in 56
codons, which mainly at the second base (#=43, 53.1%),
followed by the first base (1=23, 28.4%), with the least
changes occurring at the third base (n=15, 18.5%). Dur-
ing the RNA editing process, 39 types of amino acid
changes were involved, including eight synonymous and
two special (to stop codons) changes. Among these, the
most common was the conversion of serine to leucine
(n=11). The PCGs involved in RNA-editing site events in
the mitogenome of A. cristatum accounted for only 40%
of the total 35 PCGs, with an average of 5.8 predicted
change sites per gene. Amino acid variations mainly
affected leucine, arginine, serine, and threonine (55.6%).
Taken together, these results indicate that the scale and
extent of RNA editing of the mitogenome of A. cristatum
are not very large and that the overall trend is more for it
to be conservative and stable.

Chloroplast-derived mitogenomic sequences

As semi-autonomous organelles, mitochondria and chlo-
roplasts share many similarities and even identical genes,
and both exist within the cell in an endosymbiotic man-
ner. Frequent DNA transfer has been reported to occur
between the mitochondria, chloroplasts, and nuclear
genomes during the evolution [10, 13, 14]. Therefore, we
compared the mitochondrial and chloroplast genomes of
A. cristatum to have a better view of this flow of DNA
fragments (Fig. 9). Overall, the chloroplast genome
(135,554 bp) [3] of A. cristatum is much smaller than
its mitochondrial genome (381,065 bp) and a total of 95
transferred fragments were identified. These fragments
comprised the vast majority of rRNA and tRNA genes, as
well as a small portion of the IGS region of PCGs. The
total length of the transferred fragments was 34,343 bp,
covering 9% of the mitogenome. More over almost no
perfectly matched or complete fragments were within
these transferred fragments, and the maximum match-
ing degree that could be maintained was 97.826%, which
was achieved by the transference of truN-GUU from the
chloroplasts to the mitochondria. These DNA fragments
underwent diverse transfer phenomena between genes,
gene spacers, introns, and gene spacers, indicating that
the gene exchange between the two organelle genomes
was repetitive, random, and rearranged. Throughout
these processes, the longest fragments transferred were
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rps7, rpsl2 (intron), rpsi2, ndhB (intron), and ndhB
transferred from the chloroplast to the mitochondrial
IGS (nad4L, nad?), with a total length of 4,357 bp and
a complete matching degree of (98.531%). The most fre-
quently transferred fragments were rrnl6 and rrn23
from the chloroplast to rrn18 and rrn26 from the mito-
chondria (24 and 20 times, respectively). Meanwhile, our
results showed that in the case of all mitochondrial trans-
fers and maintenance of the integrity of most fragments,
there were two rRNA genes (rrnl8 and rrn26), nine
tRNA genes (truM-CAU, trnF-GAA, trnC-GCA, trnS-
GGA, trnS-UGA, truN-GUU, trnW-CCA, trnP-UGG,
trnQ-UUG), and two PCGs (nad5 and rpsi2). During
sequence migration between the mitochondrial and chlo-
roplast genomes of A. cristatum, the tRNA genes exhib-
ited more stable evolutionary characteristics.

Phylogenetic analysis

We selected 20 species of grasses, including A. crista-
tum, and two species of legumes, and integrated their
published mitogenomes to construct a phylogenetic tree
(Fig. 10) to further explore the mitogenome evolution
pattern within a large population. Overall, the 22 spe-
cies were divided into three groups, one of which was
composed of Triticum, Hordeum, Aegilops, Elymus, and
Agropyron; the second was composed of rice, sorghum,
and corn; and the third group was composed of soybeans
and alfalfa (outgroups). The ML support values were in
good agreement with those obtained for these groups.
More than 12 nodes in the 19 nodes of the phylogenetic
tree had support rates above 90%, including nine nodes
with 100% support, indicating that these results were
reliable. The tree clearly divided legumes and grasses,
and distinguished plants between different genera. A.
cristatum was in the first group with the largest number
of classified species with close genetic relationship with
Triticum, Thinopyrum, and Aegilops as compared with
Elymus and Hordeum. In addition, there were more com-
plex trends in the evolutionary classification of the four
wheat species and two Aegilops species, which could only
be preliminarily classified using mitogenomes. Further
exploration will require additional features to refine the
results. Nonetheless, this analysis proves mitogenomes
can be effectively used for the phylogenetic analysis of
species and exploring their genetic relationships.

Discussion

Structural characteristics of the mitogenome in agropyron
cristatum

The genomes of organelles such as mitochondria and
plastids, which exist in an endosymbiotic manner
and have independent heritability, have been gradu-
ally explored with the advancement of genetic analysis
methods [15, 44]. Research on eukaryotic mitogenomes
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has focused on animals, whereas research on plants has
focused on the unique chloroplast genomes [45]. Using
bioinformatics technology, we constructed a single cir-
cular molecule of 381,065 bp in length for the A. crista-
tum mitogenome to complement the missing link in the
understanding of A. cristatum genetic information. To
date, the largest mitogenome described in plants was
larger than 10 Mb (L. sibirica) [12], whereas the small-
est was only 6.6 kb and belonged to the genus Plas-
modium [46]. It can be seen that the size of the entire
plant mitochondrial genome is in the middle and upper
reaches of eukaryotic organisms, while the size of the

A. cristatum mitochondrial genome in this study is not
prominent compared to other Poaceae plants (Table S1,
>400 kb). This indicates that the A. cristatum mitochon-
drial genome has fewer introns, repetitive sequences, and
sequence transfers, and may be in a more conserved state
during the evolution of grass plants. The composition of
the.

A. cristatum mitogenome structure was consistent
with the usual circular molecular structure of plant mito-
chondria [7, 47, 48]. Nonetheless, additional findings
into the mitogenome structure have suggested that, due
to limitations in prior assumptions, assembly methods,
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and parameter constraints, the structure of mitochon-
dria can be more accurately identified as a dynamic, mul-
tiform collection [8, 49-52]. Therefore, research on the
configuration of the A. cristatum mitogenome should be
conducted by considering the frequent changes in gene
sequences, large fragment repetitive sequences, and intu-
itive image illustrations to better explore its morphology
and variation characteristics.

Although plant mitogenomes exhibit greater lengths
and more complex variations than animal mitogenomes
[7, 12, 13], their coding sequences remain highly con-
served [53-55]. Previous studies have identified 41 PCGs
(24 core and 17 variable genes) in angiosperms [7, 55],
whereas we annotated 14 core and 21 variable genes
(including two pseudogenes) in A. cristatum mitoge-
nome. The core genes are relatively low in number, but
the variable genes exhibit high abundance. These differ-
ences were due to the loss and transfer of PCGs in the
mitogenome during evolution. For example, almost all
PCGs in the Zostera mitogenome were lost [55], whereas
the largest number of PCGs (n=42) was reported in the
liverwort Haplomitrium [56, 57]. Moreover, significant
differences were observed in the number of mitochon-
drial PCGs among different plants. Of note, the nucleus,

plastid, and mitochondria genomes frequently undergo
DNA fragment transfer during evolution, but complete
loss of gene function during major genetic changes can
lead to the deletion of one or more PCGs. Therefore,
based on the number of mitochondrial PCGs annotated
in A. cristatum, we preliminarily determined that there
were drastic genetic changes in Agropyron plants dur-
ing evolution from a common ancestor to better adapt to
their environment.

Diversity and variation in the mitogenome of agropyron
cristatum

Many repetitive sequences in the A. cristatum mitoge-
nome we identified, including simple sequence, tandem,
and dispersed repeats. These repetitive sequences provide
sufficient basic conditions for molecular recombination
in the mitochondria of different sizes and numbers [58].
At the same time, the specific genetic information they
contain can often be used as an important genetic analy-
sis tool [59, 60]. Previous studies have shown that the
size of the mitogenome is positively correlated with the
size of repetitive sequences that cover more than 500 bp
[61, 62]. We identified a total of 320 repetitive sequences
in the A. cristatum mitogenome, with a total length of
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381,065 bp and covering more than 10% of the mitoge-
nome. Similarly, the repetitive sequences in watermelon
cover 10% (379,236 bp), whereas those in Cucurbita
pepo (982,833 bp) have tens of thousands of repetitive
sequences, covering 38% of the entire mitogenome [61].
These results further support the relationship between
repetitive sequences size and the size of the mitogenome.
In addition, ultralong sequences that appear in these
repetitive sequences are of interest, as they are more
likely to interact with structural changes in genes and
thus play a driving role in the evolution of higher plants.
In G. barbadense, ultralong repetitive sequences result in
the duplication of seven genes [59]. Similarly, ultralong
repetitive sequences in the mitochondria of Arabidop-
sis thaliana (6.5 and 6.2 kb) and sugar beet (6.2 kb) were
reported to play a significant role in promoting molecular
recombination [63, 64]. In the wheatgrass mitochondrial
genome, five repetitive sequences exceeding 1,000 bp
resulted in the duplication of six genes (rrn26, rrnl8,
rrnS, cemC, truP-UGG, truM-CAU). Therefore, repetitive
sequences present in the mitogenome are an important
source of molecular rearrangements in the mitochondria.

RNA editing can also promote specific and important
changes in the expression pattern of genes in the mito-
chondria [65]. We found 81 RNA editing sites in the
mitogenome of A. cristatum, which is far fewer than
that those in rice (#=491) [66] and Arabidopsis thaliana
(441) and Brassica napus (n=427) [65] which all below
to the same family (Gramineae). The main type of edit-
ing changes that occurred at A. cristatum RNA editing
sites was a transition from C to T, which is consistent
with the general type of RNA editing change in plants
[67]. The second type of editing change mainly occurred
at the first and second base positions, which is also con-
sistent with most of the editing characteristics previ-
ously reported [68, 69]. This result may be due to the
degeneracy of codons, which is not retained because of
synonymous changes, or it may also be due to the lack
of efficiency of the analysis methods used [60, 65, 70].
In addition, in the mitogenome of A. cristatum, RNA
editing mainly affected 14 PCGs comprised within five
functional groups: ATP synthase, Cytochrome c oxidase,
Cytochrome c biogenesis, NADH dehydrogenase, and
Ribosomal proteins (SSU). In most plants, rRNA and
tRNA genes almost never undergo RNA editing [71].
Moreover, we identified more ATP synthase- and NADH
dehydrogenase-related genes being affected by RNA edit-
ing as compared with two species of Phaseolus vulgaris
[70] and Acer truncatum Bunge [60], which cytochrome
¢ biogenesis- and NADH dehydrogenase-related genes
were the most affected. It can be hypothesized that this
different may be related to the functional bias and envi-
ronmental adaptation of the species.
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Gene flow between the nuclear and mitochondrial
genomes of plant cells is bidirectional, which provides
additional variation in the evolution of plant genomes
and makes their evolutionary relationships more com-
plex [72]. It is generally believed that the direction of
DNA fragment transfer in plants is mainly from the plas-
tid genome to the mitogenome; therefore, different levels
of DNA fragments from the chloroplast can be identified
in the mitogenome of plants [73]. For example, 0.56%,
10.85%, and 16.34% of plastid-derived sequences were
identified in the mitogenomes of Marchantia polymor-
pha [74], Phoenix dactylifera [75], and R. chingii [76],
respectively. We can roughly determine that the range
of sequence coverage in plant mitochondria transferred
from plastids is 0-20%. In our study, we found that the
total length of chloroplast-derived fragments in the
mitogenome of A. cristatum is 34,343 bp, covering 9%
of the mitochondrial genome, which suggest frequent
DNA fragment flow between the mitochondria and
chloroplasts. During the transfer of chloroplast genes to
mitochondrial genes, there are both complete functional
retention and changes in gene structure after transfer, as
well as different types of gene transfer from gene spac-
ers to complete genes. We also found that protein-coding
and rRNA genes usually undergo changes in gene struc-
ture after transfer, whereas tRNA genes retain the great-
est degree of gene functional integrity during the transfer
process. Based on this, it can be inferred that the tRNA
genes may share certain characteristics between the two
organelles (truM-CAU, trnF-GAA, trnC-GCA, trnS-
GGA, trnS-UGA, trnN-GUU, truW-CCA, trnP-UGG,
trnQ-UUG), which are also reflected in the DNA transfer
process between the two organelles in soybeans [77].

Evolutionary classification of agropyron cristatum based on
mitogenome

The preference for codon usage is not only a character-
istic of species evolution but also a way to distinguish
between nuclear and mitochondrial genomes [78]. The
changes in synonymous codons that occur during this
process do not affect the final protein changes and are
therefore considered selection neutral [78—80]. However,
both synonymous and non-synonymous codon changes
lead to preferential usage of PCGs [78, 81]. The phenom-
enon of codon usage preference reflects a bias in base
composition and the trend of natural selection within the
genome, to some extent [82, 83]. In the mitogenome of
A. cristatum, the codon with the highest preference for
usage was the initiation codon (methionine) ATG, fol-
lowed by (glutamine) CAA, (alanine) GCT, (histidine)
CAT, (tyrosine) TAT, which are similar to the frequently
used codons in Forsythia suspensa [69] and Quercus acu-
tissima [84]. Moreover, we also found that the number of
codons with preference changes ending with A/T at the



Ou et al. BMC Plant Biology (2024) 24:830

third base was much higher than of those ending with
G/C, which occurs in most species [85, 86], indicating the
preference of A. cristatum mitochondrial genes for base
changes.

Ka/Ks ratio is another important indicator of the
degree of sequence homology variation and evolution-
ary relationships between PCGs in different species [87].
Calculations of the ratio of non-synonymous-to-synon-
ymous substitutions can help characterize the positive,
neutral, or negative selection status of the PCG in dif-
ferent species during the evolutionary process [69, 87].
Using A. cristatum as reference, we analyzed 23 PCGs
in 15 species of Gramineae and the results showed that
more than 80% of the genes had Ka/Ks values below 1,
which suggested that ATP synthase-, cytochrome c oxi-
dase-, NADH dehydrogenase-related genes were more
affected by purifying selection during the evolutionary
process were in a conservative state as compared with
A. cristatum. However, rps4, cob, mttB, and ccmB were
positively selected in different species. Synonymous sub-
stitutions are more commonly reported in plants and
the variation bias of these important genes is limited by
purifying selection [88]. Through ratio analysis of non-
synonymous and synonymous substitution rates, we
can observe subtle changes in homologous PCGs in dif-
ferent species, which can further predict the evolution-
ary trends of species during evolution and support the
construction of more accurate evolutionary systems and
taxonomies.

To validate the classification of plants in the Agropyron
genus using mitogenomes, we constructed a phylogenetic
tree containing 22 plant mitogenomes. Previously, the
genus Agropyron was defined as containing plants, such
as Thinopyrum and Elymus, in a broad sense. Later the
classification of plants in the Agropyron genus included
species within the crown Agropyron complex contain-
ing the P genome, including A.cristatum, A.desertorun,
A.michnoi, A.sibiricum, A.mongolicum and others [89].
Agropyron are polyploid plants that are homologous
polyploids or segmental allopolyploids, and their intra-
specific genetic complexity is certain. Morphologi-
cal classification and genetic analysis have confirmed
that the P genome of the Agropyron genus is not closely
related to that of other genera in the Triticeae fam-
ily and has a high degree of independent heritability
[5]. Similarly, in the constructed tree, plants of the gen-
era Thinopyrum, Elymus, Triticum, and Agropyron were
in the same large group, and Agropyron was in a sepa-
rate branch, which is perfect agreement with previous
studies. This also indicates that classification based on
mitogenomes is applicable to the classification of plants,
such as Agropyron, and further supports the classification
status of Agropyron spp. in the Triticeae family of Poa-
ceae, while providing a reference for further exploration
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of the intraspecific phylogenetic relationships of Agropy-
ron plants. In summary, although we have conducted an
analysis of phylogenetics and genetic evolution based on
the characteristics of the mitogenome of A. cristatum, we
have not yet delved deeply into the detailed evolutionary
history and biogeography of its closely related species.
Future work could further refine and explore these topics
to provide a more comprehensive analysis.

Conclusions

In this study, we assembled the first mitogenome struc-
ture of Agropyron and conducted preliminary char-
acterization. The mitogenome of A. cristatum is a
single circular molecular structure, with a full length of
381,065 bp, comprising 52 genes (35 protein-coding,
3 rRNA, and 14 tRNA genes). Next, we analyzed the
diverse changes in DNA fragments, including three types
of repetitive sequences, RNA editing site prediction, and
gene transfer patterns between organelles, to clarify the
three sources and modes of gene conformational changes
in the mitochondria of A. cristatum. Finally, using codon
bias, non-synonymous and synonymous substitution
rates, nucleotide diversity, and phylogenetic methods,
we confirmed the independent genetic status and general
evolutionary trends of Agropyron plants in the Triticeae
family. In summary, this study deepens our understand-
ing of the phylogeny and genetic evolution of the Agro-
pyron genus from the perspective of the mitogenome,
addressing a gap in genomic research on this genus. This
lays a solid theoretical foundation and provides valu-
able scientific basis for future genetic breeding research
and for the development and utilization of the valuable
genetic features of Agropyron.
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