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Abstract

Background: Plant mitochondrial genomes are characterized by extensive structural dynamics driven by
repeat-mediated recombination, widespread RNA editing, and plastid-to-mitochondrion DNA transfer
(MTPT). However, cultivar-resolved mitochondrial genome assemblies that integrate structural
validation, RNA editing landscapes, and phylogenetic context remain limited in Medicago sativa, an
important legume forage crop.

Results: We assembled the complete mitochondrial genome of Medicago sativa cv. AH using PacBio HiFi
long reads and a graph-resolving workflow. The circular mitogenome was 300,797 bp in length with a GC
content of 45.36%, encoding 33 unique protein-coding genes, 16 tRNA genes, and three rRNA genes.
Repeat analysis identified 59 simple sequence repeats, nine tandem repeats, and 112 pairs of dispersed
repeats. A 4,354 bp long direct repeat was confirmed by junction PCR and Sanger sequencing to mediate
homologous recombination, generating both master-circle and alternative subgenomic configurations.
Six MTPT fragments totaling 725 bp were detected, harboring five intact plastid-derived tRNA genes.
Maximum-likelihood phylogenetic analysis based on 23 conserved protein-coding genes placed cv. AH
within the M. sativa clade with strong support (bootstrap = 96), yet synteny analysis revealed substantial
rearrangements in gene-block order and orientation among intraspecific mitogenome assemblies. A
total of 468 high-confidence C-to-U RNA editing sites were predicted across all 33 protein-coding genes,
with nonsynonymous edits accounting for 95.73% of total events. The gene nad4 harbored the most
editing sites (45), and the most frequent amino acid conversions were Ser—Leu (107) and Pro—Leu
(104). Representative editing sites were experimentally validated by RT-PCR and Sanger sequencing,
including the restoration of a canonical AUG start codon in nad4Lthrough ACG-to-AUG editing.

Conclusions: This study provides a cultivar-resolved mitochondrial genomic resource for M. sativacv. AH
that integrates structural isoform validation, MTPT characterization, phylogenetic placement, synteny-
level rearrangement analysis, and an experimentally supported RNA editing landscape within a single
framework. These findings advance our understanding of mitochondrial genome dynamics in alfalfa and
provide a foundation for future investigations into cytoplasmic diversity and breeding applications.

1. Introduction

Plant mitochondrial genomes encode key components of oxidative phosphorylation, yet their genome
architectures are unusually dynamic, showing extensive rearrangements and structural plasticity across
plant lineages [1]. Recombination across repeated sequences is widely recognized as a major driver of
plant organelle genome structural variation, generating alternative junctions and configurations [2].

Consistently, physical representations of plant mitochondrial DNA as a single “master circle” can be
misleading because multiple isoforms may coexist in vivo [3]. Beyond structural variation, plant
mitochondrial transcripts are extensively modified by RNA editing, predominantly C-to-U conversions,
which can change coding potential and translation signals [4]. In parallel, plastid-to-mitochondrion DNA
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transfer (MTPT) provides an additional layer of organelle genome mosaicism and can persist as plastid-
derived fragments in angiosperm mitogenomes [5].

In alfalfa, cultivar-level mitogenome assemblies have revealed substantial structural reorganization and
repeat-associated recombination signals, indicating that intraspecific mitochondrial structural variation
is a relevant feature within Medicago sativa [6]. At the genus scale, comparative mitogenomics across
multiple Medicago species further reported that genome conformations and repeat landscapes can vary
markedly, and that M. sativa may exhibit complex multipartite configurations [7]. Outside Medicago,
repeat-mediated recombination has been experimentally linked to alternative mitochondrial genome
conformations using long-read evidence and PCR/Sanger validation, underscoring the value of
orthogonal validation for structural isoforms [8].

Similarly, RNA editing has been shown to generate biologically meaningful codon changes in plant
mitochondria, including restoration of canonical start or stop codons in specific transcripts [9]. MTPT
fragments can also contribute to mitochondrial genome content and, in some cases, plastid-derived
sequences have been implicated in mitochondrial gene structures, highlighting potential functional
consequences beyond passive insertions [10]. Against this background, the extent to which specific long
direct repeats in Medicago cultivars generate experimentally verifiable alternative junctions—and how
such junctions relate to coexisting genome configurations—remains insufficiently resolved at the cultivar
scale.

Although available Medicago assemblies support intraspecific rearrangements, an integrated framework
that jointly considers phylogenetic placement, synteny-level rearrangements, and candidate
recombinogenic repeats is still needed to interpret cultivar-to-cultivar differences. For RNA editing, broad
mechanistic understanding points to nuclear-encoded factors (notably PPR proteins) as key
determinants of editing specificity, yet cultivar-resolved editing landscapes and their functional
interpretation in the context of dynamic mitogenome structures are seldom treated together [11].
Moreover, because MTPT accumulation and decay histories differ among lineages, plastid-derived
fragments—especially intact tRNA genes—may provide informative cytoplasmic signatures, but their
spectrum and potential utility in Medicago cultivar mitochondria remain to be clarified [5].

From an applied perspective, mitochondrial genome variation is a recognized source of cytoplasmic
traits such as cytoplasmic male sterility (CMS) and therefore has direct relevance to breeding strategies
that rely on cytoplasmic diversity and nuclear restoration [12, 13].

Here, we generated a cultivar-resolved mitochondrial genome assembly for Medicago sativa cv. AH using
PacBio HiFi long reads and a graph-resolving workflow, followed by systematic characterization of
repeats, MTPTs, phylogenetic placement, and synteny-level rearrangements within Medicago. To connect
structural and transcript-level features in a single experimental framework, we combined junction PCR
for repeat-mediated alternative junctions with RT-PCR/Sanger validation of representative RNA editing
sites.
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Overall, this study provides direct experimental evidence for a long-repeat—mediated alternative junction
in an alfalfa cultivar, places cv. AH within the Medicago mitochondrial phylogenetic context while
revealing pronounced intraspecific rearrangements, and delivers a cultivar-specific mitochondrial RNA-
editing landscape supported by targeted validation.

2. Materials and Methods
2.1 Plant materials and nucleic acid preparation

Fresh leaves of Medicago sativa L. cv. AH were collected in Hohhot, Inner Mongolia, China (40.57°N,
111.93°E). Samples are deposited at Inner Mongolia Agricultural University (Hohhot, China). Genomic
DNA was extracted from fresh leaves using a Plant DNA Extraction Kit following the manufacturer’s
protocol. For RNA-based validation, total RNA was extracted from fresh leaf tissue and treated with
RNase-free DNase | to remove residual genomic DNA. First-strand cDNA was synthesized using random
primers (or oligo(dT) where applicable) following the manufacturer’s protocol.

2.2 PacBio HiFi sequencing

PacBio SMRTbell libraries were prepared from high-quality genomic DNA and sequenced to generate
circular consensus (HiFi/CCS) reads. The HiFi strategy provides high per-read accuracy through circular
consensus of multiple passes [14].

2.3 Mitochondrial genome assembly and graph resolution

HiFi reads were assembled using Oatk, a de novo assembly tool for complex plant organelle genomes
[15]. Assembly was initiated with the syncasm module using parameters “-k 1001 -c¢ 30", producing a
GFA assembly graph.

To identify mitochondrial contigs, a local BLAST database was built from assembled contigs, and
mitochondrial gene sequences from a close reference (e.g., Medicago sativa NC_068105.7) were used as
queries in BLASTn searches using BLAST+ [16]. Parameters were: -evalue 1e-5 -outfmt 6 -max_hsps 10 -
word_size 7 -task blastn-short.

Assembly graphs were visualized and inspected using Bandage [17]. Branches were resolved by
selecting read-supported connections through the graph to obtain a circular mitochondrial genome
sequence. Graph-aware concepts such as repeat graphs provide a general framework for understanding
repeat-induced ambiguity in long-read assemblies [18].

2.4 Genome annotation and visualization

Protein-coding genes and intron/exon boundaries were annotated using PMGA (Plant Mitochondrial
Genome Annotator[19]). tRNA genes were annotated using tRNAscan-SE 2.0 [20], and rRNA genes were
identified using BLASTn [16]. Annotations were manually inspected and edited using Apollo [21]. Circular
genome maps were generated using OGDRAW [22].
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2.5 Codon usage analysis

Relative synonymous codon usage (RSCU) was calculated for unique mitochondrial protein-coding
genes based on annotated coding sequences. Protein-coding sequences were extracted using
PhyloSuite [23], and codon usage metrics were computed in MEGA12 [24]. Codons with RSCU > 1 were
treated as preferentially used in summary plots.

2.6 Repeat identification and visualization

Simple sequence repeats (SSRs; 1-6 bp motifs) were identified using MISA-web [25]. Tandem repeats
were detected using Tandem Repeats Finder [26]. Dispersed repeats were identified using ROUSFinder
(https://github.com/flydoc2000/ROUSfinder; accessed 2026-01-30). Repeat distributions and links were
summarized using Circos-style visualizations with Circos [27].

2.7 Repeat-mediated recombination validation by long-
range PCR and Sanger sequencing

To validate alternative mitochondrial genome conformations mediated by a pair of long direct repeats,
four primers were designed in the unique flanking regions immediately adjacent to each repeat copy
based on the assembled mitochondrial genome sequence.

Four primer combinations were used to distinguish the master-circle junctions from the predicted
recombined junctions: (i) F1/R1 and (ii) F2/R2 for the master-circle configuration; and (iii) F1/R2 and (iv)
F2/R1 for the predicted recombined configurations.

Long-range PCR was performed using a high-fidelity long-amplicon DNA polymerase following the
manufacturer's recommendations. Each 25 L reaction typically contained 1x long-range buffer, 200 uM
of each dNTP, 0.2-0.4 uM of each primer, 20—50 ng total genomic DNA, and 0.5-1 U polymerase.
Cycling conditions were: 95-98°C for 2 min; 30—-32 cycles of 95-98°C for 10 s, 58-62°C for 15-20 s,
and 68-72°C for 4.5-5.5 min; followed by a final extension at 68—72°C for 10 min.

PCR products were separated on 0.8—-1.0% agarose gels in 1xTAE buffer and visualized by nucleic acid
staining. Bands of the expected sizes were excised, gel-purified, and subjected to Sanger sequencing
using the corresponding amplification primers to confirm junction sequences spanning the repeat—flank
boundaries.

2.8 Identification of plastid-to-mitochondrion DNA transfer
(MTPT) fragments

To identify plastid-derived segments in the mitochondrial genome, the assembled mitochondrial
sequence was compared to the corresponding chloroplast genome using BLASTn [16]. Alignments with
identity > 70%, alignment length > 40 bp, and e-value < 1e-5 were retained as candidate MTPTs.

2.9 Phylogenetic inference
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To infer the phylogenetic placement of cv. AH, a set of conserved mitochondrial protein-coding genes
shared across sampled taxa was extracted, aligned, and concatenated. Multiple sequence alignments
were performed using MAFFT [28]. Maximum-likelihood phylogenetic inference was performed using 1Q-
TREE 2 [29] under the best-fit model selected in the workflow (reported as GTR + F+R3), with branch
support assessed using ultrafast bootstrap (1,000 replicates) and SH-aLRT (1,000 replicates). Trees
were visualized and annotated using iTOL v6 [30].

2.10 Synteny analysis

To compare mitogenome organization among Medicago assemblies, homologous regions were
detected using BLASTn [16] with parameters: -evalue 1e-5 -word_size 9 -gapopen 5 -gapextend 2 -reward
2 -penalty - 3. Collinear blocks were identified using MCScanX [31]. Only collinear blocks longer than 500
bp were retained for downstream visualization. Synteny plots were generated using TBtools [20].

2.11 RNA editing prediction and validation by RT-PCR and
Sanger sequencing

RNA editing sites in mitochondrial protein-coding genes were predicted using Deepred-Mt with a
probability cutoff of 0.9 [32].

For selected RNA editing sites, primers were designed to amplify fragments spanning the predicted
editing positions based on the mitochondrial genome sequence and gene annotation. PCR was
conducted using both genomic DNA (gDNA) and cDNA as templates, and a minus—reverse transcriptase
control (RT-) was included to confirm the absence of gDNA contamination in the cDNA preparation. PCR
products were checked by agarose gel electrophoresis, purified, and Sanger sequenced. RNA editing was
confirmed by comparing chromatograms from gDNA and cDNA at the target nucleotide position, where a
C peak in gDNA corresponds to a T peak (representing U in RNA) in cDNA.

3. Results

3.1 Assembly and general features of the Medicago sativa
cv. AH mitochondrial genome

As shown in Fig. 1A, the long-read-based mitochondrial assembly graph of Medicago sativa cv. AH was
branched and comprised three connected contigs (ctg1, ctg2 and ctg3). Notably, ctg3 exhibited
markedly higher read depth than ctg1 and ctg2, consistent with its presence as a duplicated segment in
the final resolved structure. By mapping long reads to the assembly graph and prioritizing the read-
supported connections, we simplified the graph into a single dominant path (ctg1-ctg3_copy-ctg2-
ctg3) and obtained a circular sequence representing the complete mitochondrial genome (Fig. 1B).

The finalized mitochondrial genome of M. sativa cv. AH was 300,797 bp in length with a GC content of
45.36% (Fig. 1C). Genome annotation identified 33 unique protein-coding genes (PCGs), including 24
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core mitochondrial genes involved in oxidative phosphorylation and cytochrome c biogenesis, and nine
non-core genes mainly encoding ribosomal proteins and sdh components (Fig. 1D). In addition, 16 tRNA
genes and three rRNA genes were annotated, with atp7, trnF-GAA and trnQ-UUG present in two copies.

Codon usage bias was further evaluated using the mitochondrial PCGs (Fig. 1E). Codons with RSCU
values > 1 were considered preferentially used. As expected, methionine (AUG) and tryptophan (UGG),
which are each encoded by a single codon, both showed RSCU values of 1.0. Among synonymous
codons, alanine preferentially used GCU (RSCU = 1.57), while arginine and histidine showed higher usage
preferences for AGA (RSCU = 1.44) and CAU (RSCU = 1.50), respectively. Notably, the stop codon UAA
displayed the highest usage preference (RSCU = 1.70) across mitochondrial PCGs.

3.2 Characteristics of repeat sequences in the Medicago
sativa cv. AH mitogenome

Microsatellite or simple sequence repeats (SSRs) are a special type of tandem repeat with repeat units
typically ranging from 1 to 6 nucleotides. In the mitochondrial genome of Medicago sativa cv. AH, a total
of 59 SSRs were identified (Fig. 2A). Among these SSRs, tetranucleotide repeats represented the largest
category, accounting for 37.29% (22/59) of all SSRs, followed by dimeric (14), monomeric (12) and
trimeric (11) repeats (Fig. 2A). Notably, no pentameric or hexameric SSRs were detected in this
mitogenome (Fig. 2A). Within mononucleotide SSRs, T-monomer repeats were predominant, representing
66.67% (8/12) of monomeric SSRs.

Tandem repeats (also referred to as satellite DNA) consist of adjacent, multiple copies of a repeat unit.
Using TRF, we detected nine tandem repeats in the AH mitogenome, with percent matches > 86% and
repeat unit/consensus lengths ranging from 10 to 51 bp (Fig. 2B). The detailed coordinates and repeat
parameters of each tandem repeat are summarized in Fig. 2B.

In addition, dispersed repeats were further surveyed across the mitochondrial genome. A total of 112
pairs of dispersed repeats (= 30 bp) were identified, including 63 palindromic repeats and 49 forward
repeats. The longest dispersed repeat unit was R1, with a length of 4,355 bp. The genomic distribution of
SSRs, tandem repeats, and dispersed repeats is summarized in a Circos-style plot (Fig. 2C), in which
palindromic and forward dispersed repeats are shown as blue and yellow links, respectively.

3.3 Repeat sequence mediated homologous recombination
in the mitochondrial genome of Medicago sativa cv. AH

A growing body of evidence indicates that repetitive sequences play important roles in homologous
recombination (HR) and structural dynamics of plant mitochondrial genomes. In the mitochondrial
genome of Medicago sativa cv. AH, a long direct repeat (R1/ctg3, 4,354 bp) was identified and supported
by the assembly graph and read-depth characteristics (Fig. 3A), suggesting that this repeat could
mediate alternative genome configurations via repeat-associated HR.
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To further verify whether the 4.354-kb direct repeat could mediate HR, junction PCR amplification was
performed using primer pairs designed in the unique flanking regions of the two repeat copies (primer
strategy shown in Fig. S1). As shown in Fig. 3B, two primer combinations targeting the master-circle
junctions generated single and clear amplicons of ~ 5,043 bp (F1/R1) and ~ 4,910 bp (F2/R2).
Importantly, the cross combinations also yielded distinct products of ~ 4,957 bp (F1/R2) and ~ 4,996 bp
(F2/R1), which are diagnostic of alternative junctions consistent with repeat-mediated recombination.
The sizes of all four amplicons approximate the repeat length (4,354 bp) plus short flanking sequences
(~0.56-0.69 kb), consistent with primers spanning the repeat—flank junctions. Notably, the amplicons
corresponding to the master-circle junctions appeared stronger than those for the recombined junctions,
suggesting that the master configuration may represent the predominant isoform while the recombined
configurations may be present at lower relative abundance.

Based on the assembly graph and the junction PCR results, we propose a model in which the 4.354-kb
direct repeat mediates homologous recombination to generate alternative mitochondrial genome
configurations, including a master circle and two repeat-associated subgenomic molecules (Fig. 3C).

3.4 Identification of MTPTs

Mitochondrial plastid DNAs (MTPTs) are plastid-derived DNA fragments that have been transferred into
the mitochondrial genome. Based on sequence similarity analysis between the Medicago sativa ‘AH’
mitochondrial genome and chloroplast genome using BLASTN, a total of six shared homologous
fragments were identified, spanning 725 bp and accounting for 0.24% of the mitogenome (Fig. 4).

Among these MTPTs, MTPT6 was the longest fragment (294 bp). Annotation of the six homologous
fragments further revealed five complete genes, all of which were tRNA genes: trnD-GUC, trnH-GUG, trnM-
CAU, trnN-GUU, and trnW-CCA.

3.5 Phylogenetic and synteny analysis

To clarify the evolutionary placement of the Medicago sativa cv. AH mitogenome, we constructed a
maximum-likelihood phylogenetic tree using concatenated amino acid sequences of 23 conserved
mitochondrial protein-coding genes (PCGs). In the resulting phylogeny, the mitogenome generated in this
study clustered within the Medicago sativa lineage and formed a well-supported clade with two
previously reported M. sativa mitogenomes, M. sativa subsp. falcata (PV916043.7) and M. sativa
(NC_068105.7) (node support value = 96; Fig. 5A). This topology indicates a close evolutionary
relationship among available M. sativa mitogenome assemblies while retaining detectable intraspecific
variation.

To further evaluate structural conservation and genome rearrangements among Medicago
mitogenomes, homologous regions were identified and visualized as syntenic blocks connected by
ribbons. As shown in Fig. 5B, extensive collinear blocks were shared among M. sativa subsp. falcata
(PV916043.7), M. sativa cv. AH (this study), and M. sativa (NC_068705.7). However, these blocks were
arranged in different orders and orientations, resulting in multiple crossing ribbons, indicating substantial
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structural rearrangements among M. sativa mitogenomes. Notably, despite the close phylogenetic
relationship, the mitochondrial genome organization of cv. AH is not fully conserved relative to previously
published M. sativa assemblies, consistent with the highly dynamic nature of plant mitochondrial
genomes. Compared with the three M. sativa mitogenomes, collinearity with the more distant relative
Medicago polymorpha (MW971561.1) appeared more fragmented, in line with increased evolutionary
divergence (Fig. 5B).

3.6 Analysis of RNA editing events

RNA editing sites were predicted for mitochondrial protein-coding genes (PCGs) of Medicago sativa
using a probability cutoff of 0.9. A total of 468 high-confidence RNA editing sites were identified across
33 PCGs, and all predicted events were cytidine-to-uridine (C-to-U) conversions. The gene nad4 harbored
the largest number of predicted editing sites (45), followed by ccmB (34) and nad7 (33) (Fig. 6D).

Most editing events were nonsynonymous (95.73%, 448/468), leading to 21 categories of amino-acid
outcomes (Fig. 6C). The most frequent conversions were Ser—Leu (107) and Pro—Leu (104), followed
by Ser—Phe (62) and Arg—Cys (36). Notably, several sites were predicted to generate canonical start
codons through RNA editing (e.g., ACG—AUG), and a small number of edits introduced stop codons,
suggesting that RNA editing may potentially contribute to restoring conserved translation signals in
mitochondrial transcripts.

To experimentally validate representative high-confidence sites, we amplified three loci containing
predicted editing events from both genomic DNA (gDNA) and cDNA. RT-PCR produced amplicons of
identical sizes for nad4L (282 bp), atp4 (564 bp) and ccmFN (577 bp) (Fig. 6A). Sanger sequencing
confirmed the expected C-to-U editing signatures, including nad4L-2 (ACG—AUG; Thr—Met), atp4-35
(CCA—CUA; Pro—Leu), and two sites in ccmFN (251: UCA—UUA; Ser—Leu; 259: CGG—UGG; Arg—Trp),
as indicated by C peaks in gDNA and corresponding T peaks in cDNA chromatograms (Fig. 6B).

4. Discussion

We resolved the Medicago sativa cv. AH mitochondrial genome into a single circular sequence by
simplifying a branched assembly graph supported by long-read evidence, and we obtained a complete
gene annotation and codon-usage summary (Fig. 1). High-accuracy PacBio HiFi/CCS reads are well
suited to organelle genome assembly because they reduce error propagation and improve repeat
disambiguation compared with error-prone long reads [14]. Even with accurate long reads, plant
mitochondrial genomes often assemble into branched graphs because repeats and recombination-
related alternative paths are embedded in the underlying DNA population, motivating graph-aware
resolution and explicit reporting of alternative structures when supported [1, 3].

We characterized the repeat landscape of cv. AH and identified abundant SSRs, tandem repeats, and
dispersed repeats, including a long dispersed repeat candidate (Fig. 2). Across plants, unusually large
repeats are common features of mitochondrial genomes and are strongly associated with genome
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structural dynamics and size variation, providing a substrate for recombination and rearrangements [33].
SSRs within organelle genomes are frequently considered as potential cytoplasmic markers, but their
utility in breeding contexts depends on population-scale validation of polymorphism and inheritance
patterns, which remains to be established for cv. AH [34].

A key finding of cv. AH is that a 4.354 kb direct repeat shows diagnostic master and recombined
junctions by junction PCR, supporting repeat-mediated homologous recombination and coexistence of
alternative configurations (Fig. 3). Repeat-associated homologous recombination is a central
mechanism shaping plant organelle genome architecture, producing alternative junctions and structural
variants; our junction-level PCR evidence provides direct support for this mechanism in an alfalfa cultivar
[2]. Similar validation logic—using long-read assembly evidence coupled with PCR/Sanger confirmation
of alternative junctions—has been applied in other plant mitogenomes, strengthening the interpretation
that alternative amplicons reflect bona fide isoforms rather than assembly artifacts [8].

The stronger master-junction bands in our PCR gels suggest a predominant configuration, but without
quantitative read-mapping or long-range validation this should be treated as an inference rather than a
measured stoichiometry [3]. Our configuration model summarizes a master-circle and repeat-associated
subgenomic molecules that can interconvert through recombination at the long direct repeat (Fig. 3C).
The master-circle concept is useful as a representation but does not imply equimolarity or exclusivity of
a single physical molecule, as demonstrated by analyses showing substoichiometric shifting and
multiple alternative arrangements in plant mitochondrial genomes [35]. Therefore, interpreting our cv. AH
structure as a dominant configuration plus lower-abundance alternatives is consistent with broader
evidence, but the physical form and relative abundance of each isoform should be addressed with long-
read spanning counts or orthogonal data in future work (hypothesis-driven follow-up) [3].

Despite clustering with published Medicago sativa mitogenomes in a conserved-PCG phylogeny, cv. AH
displays substantial synteny-level rearrangements relative to other M. sativa assemblies (Fig. 5). In
alfalfa, He et al. assembled and compared two cultivated varieties (Zhongmu No.1 and Zhongmu No.4)
and used Hi-C and long-read data to validate isoforms, highlighting heteroplasmy and repeat-mediated
rearrangements at the cultivar level [6]. At a broader Medicago scale, Yang et al. reported chromosomal
mitochondrial genome assemblies across multiple Medicago species and performed standardized
repeat and comparative analyses, emphasizing the diversity of repeat landscapes and genome
conformations within the genus [7].

Relative to these studies, our work adds (i) junction-PCR confirmation of a specific long-repeat
recombination event, (ii) a cultivar-resolved synteny comparison aligned to phylogenetic placement, and
(iii) an integrated RNA-editing landscape with targeted Sanger validation, thereby linking structural and
transcript-level evidence within a single cultivar dataset [6, 7].

We detected six plastid-to-mitochondrion DNA transfer fragments (MTPTs) totaling 725 bp in cv. AH, and

these MTPTs include five intact plastid-derived tRNA genes (Fig. 4). MTPT insertions are widespread in

angiosperm mitochondrial genomes and are expected to accumulate and decay under weak deletion
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pressure and mutational bias, so the small MTPT fraction in cv. AH is consistent with variable
insertion/retention histories among lineages [5]. Plant Cell Reports studies of newly assembled
mitogenomes have repeatedly noted that MTPT regions often harbor plastid-derived tRNAs, supporting
the interpretation that tRNAs can be preferentially retained within transferred plastid fragments [36].

Although plastid-derived segments can sometimes contribute to mitochondrial gene structures in some
plants, our data provide sequence-level evidence of transfer and tRNA retention but do not by
themselves demonstrate functional contribution [10]. More broadly, MTPTs represent one outcome of
intracellular DNA transfer between organelles and the nucleus, a pervasive evolutionary process in plants
[37].

Using a conserved-PCG phylogeny and synteny visualization, we show that cv. AH is phylogenetically
close to available M. sativa mitogenomes but differs markedly in gene-block order and orientation

(Fig. 5). Such a pattern—conserved gene content and slow sequence divergence but extensive
rearrangement of intergenic architecture—is characteristic of plant mitochondrial genome evolution,
where recombination and repair processes can reshuffle genome structure without proportionally
accelerating coding-sequence changes [1, 2]. Comparative analyses in multiple taxa similarly report
extensive rearrangements mediated by repeats, reinforcing that structural collinearity can diverge rapidly
even among close relatives [7, 8].

We predicted 468 high-confidence C-to-U RNA editing sites across 33 mitochondrial protein-coding
genes in cv. AH, with a strong predominance of nonsynonymous edits and uneven gene-wise
distributions (Fig. 6C-D). Plant mitochondrial RNA editing is predominantly C-to-U and can substantially
alter coding sequences; review syntheses emphasize its broad distribution and functional potential
across organellar genes [4, 38]. Empirically, editing-site counts in angiosperm mitogenomes are often
reported in the hundreds, and published Plant Cell Reports mitogenome studies have documented
similar magnitudes and gene-level skews, supporting the plausibility of the cv. AH editing load [36].

Because our editing calls depend on model-based prediction, their completeness and false-positive rates
depend on the chosen predictor and thresholds, motivating future RNA-seg-based confirmation for
genome-wide site lists [32]. We experimentally validated representative editing sites by RT-PCR and
Sanger sequencing, including a case where editing converts a non-canonical ACG to a canonical AUG
start codon in nad4L, along with multiple nonsynonymous conversions (Fig. 6A-B). Editing events that
restore translation signals or increase amino-acid conservation are widely discussed as key functional
consequences of organellar RNA editing, and start/stop restoration is repeatedly reported in plant
mitogenome studies [4].

Mechanistically, editing specificity is largely governed by nuclear-encoded factors, particularly PPR
proteins, providing a framework for interpreting cultivar-to-cultivar differences as potential outcomes of
nuclear background variation [11]. A testable hypothesis emerging from our validated sites is that highly
efficient editing at translation-critical positions (e.g., start restoration) will show stronger conservation
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across Medicago accessions than edits at less constrained sites, which can be examined by population-
scale transcriptome data (hypothesis) [38].

Together, our results highlight that mitochondrial structural isoforms, MTPT content, and RNA editing
features coexist within a single alfalfa cultivar and may contribute to cytoplasmic diversity relevant to
applied breeding. Mitochondrial genome rearrangements are central to the emergence of cytoplasmic
male sterility (CMS) in multiple crops, and therefore cultivar-resolved mitogenome resources provide a
necessary foundation for identifying candidate cytoplasmic variants and guiding cytotype-aware
breeding strategies (application context; not claiming CMS in cv. AH) [12, 13]. However, linking any
specific repeat-mediated configuration or editing profile to agronomic phenotypes requires dedicated
phenotyping and genetic tests, including screening for novel chimeric ORFs and validating their
expression and effects [12].

This study is limited by the analysis of a single cultivar and by the lack of genome-wide quantitative
validation of isoform stoichiometry and RNA editing efficiency. Future work should expand sampling
across alfalfa cultivars and related Medicago taxa, and should combine long-read spanning counts,
targeted quantitative PCR, and/or long-range data (e.g., Hi-C) to quantify isoform abundance and stability
across tissues and environments, as demonstrated in recent alfalfa cultivar studies [6]. Genome-wide
confirmation of predicted RNA editing sites by RNA-seq, together with analysis of nuclear-encoded
editing factors, will be essential to connect editing variation to nuclear background and potential stress
or developmental responsiveness [11].

5. Conclusion

In this study, we assembled and characterized the complete mitochondrial genome of Medicago sativa
cv. AH using PacBio HiFi long reads and a graph-resolving workflow. The finalized mitogenome was
300,797 bp in length with a GC content of 45.36%, encoding 33 unique protein-coding genes, 16 tRNA
genes, and three rRNA genes. Repeat analysis revealed 59 SSRs, nine tandem repeats, and 112 pairs of
dispersed repeats, among which a 4,354 bp long direct repeat was identified as a candidate
recombinogenic element. Junction PCR and Sanger sequencing confirmed that this repeat mediates
homologous recombination, generating both master-circle and alternative subgenomic configurations,
providing direct experimental evidence for repeat-mediated structural heteroplasmy in an alfalfa cultivar.

Six plastid-to-mitochondrion DNA transfer fragments totaling 725 bp were detected, harboring five intact
plastid-derived tRNA genes, consistent with the widespread but lineage-variable pattern of MTPT
accumulation in angiosperm mitochondria. Phylogenetic analysis placed cv. AH within the M. sativa
clade with strong support, yet synteny comparisons revealed extensive rearrangements in gene-block
order and orientation among intraspecific mitogenome assemblies, underscoring the highly dynamic
nature of plant mitochondrial genome architecture even among closely related cultivars.

A total of 468 high-confidence C-to-U RNA editing sites were predicted across all 33 protein-coding
genes, with nonsynonymous edits predominating. Representative sites were experimentally validated by
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RT-PCR and Sanger sequencing, including the restoration of a canonical AUG start codon in nad4L
through ACG-to-AUG editing, demonstrating the functional relevance of RNA editing in maintaining
translational fidelity.

Together, this work provides a cultivar-resolved mitochondrial genomic resource for Medicago sativa that
integrates structural isoform validation, MTPT characterization, phylogenetic and synteny analyses, and
an experimentally supported RNA editing landscape within a single framework. These findings
contribute to a deeper understanding of mitochondrial genome dynamics in alfalfa and offer a
foundation for future investigations into cytoplasmic diversity, cytoplasmic male sterility, and cytotype-
informed breeding strategies.
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Assembly, annotation and codon usage of the Medicago sativa cv. AH mitochondrial genome. A Bandage
visualization of the long-read assembly graph showing three connected contigs (ctg1, ctg2 and ctg3).
Numbers on nodes indicate contig length (bp) and sequencing depth (x). B Schematic representation of
the resolved circular mitochondrial genome after read-supported graph simplification (ctg1-ctg3_copy—
ctg2-ctg3).

C Circular gene map of the M. sativa cv. AH mitochondrial genome generated using OGDRAW. Genes on
the outer and inner circles are transcribed clockwise and counterclockwise, respectively; functional
categories are color-coded. D Summary of mitochondrial gene content and functional categories,
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including 33 unique PCGs (24 core and nine non-core genes), 16 tRNA genes and three rRNA genes.
Multi-copy genes (atp1, trnF-GAA and trnQ-UUG) are indicated. E Relative synonymous codon usage
(RSCU) of mitochondrial PCGs. Codon families are shown on the x-axis and corresponding codons are
labeled within bars; RSCU > 1 indicates preferential usage. Gene names are italicized.
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Figure 2

Repeat sequence landscape of the Medicago sativa cv. AH mitochondrial genome. A Type and number of
simple sequence repeats (SSRs) identified in the AH mitogenome. Bars indicate the counts of SSRs
classified by repeat unit length (monomeric to hexameric). B Tandem repeats detected in the AH
mitogenome. For each tandem repeat, the table reports its genomic coordinates (Indices), repeat
period/consensus size, estimated copy number, similarity statistics (Percent Matches and Percent
Indels), and additional sequence composition metrics as output by TRF. C Integrated Circos plot of
repeats in the AH mitogenome. The inner links connect dispersed repeat pairs; blue links represent
palindromic repeats and yellow links represent forward repeats. The black blocks in the inner track
indicate tandem repeat positions, and the black blocks in the outer track indicate SSR positions. The
outermost ring shows the coordinate scale along the mitochondrial genome.
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Figure 3

A 4.354-kb direct repeat mediates homologous recombination and generates alternative mitochondrial
genome configurations in Medicago sativa cv. AH. A Schematic representation of the long direct repeat
(R1/ctg3, 4,354 bp) and its two genomic copies linking the major unique regions (ctg1 and ctg2).
Homologous recombination between the two repeat copies is expected to generate alternative junctions
and configurations. B Junction PCR verification of repeat-mediated alternative junctions. Lane M: 1 kb
DNA ladder (the ~5 kb region is used as the reference). Lane 1: F1/R1, master-circle junction across
repeat copy 1, 5,043 bp. Lane 2: F2/R2, master-circle junction across repeat copy 2,4,910 bp. Lane 3:
F1/R2, diagnostic product for recombined junction, 4,957 bp. Lane 4: F2/R1, diagnostic product for
recombined junction, 4,996 bp. The amplicon sizes are close to the repeat length (4,354 bp) plus short
flanking sequences, consistent with primer placement spanning repeat—flank junctions. C Proposed
alternative mitochondrial genome configurations generated by homologous recombination between the
two copies of the 4.354-kb direct repeat. The model summarizes the coexistence of master-circle
junctions and recombined junctions supported by junction PCR (panel B).
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Figure 4

Identification of mitochondrial plastid DNA sequences (MTPTs) in Medicago sativa ‘AH’. The purple arc
represents the mitochondrial genome, and the green arc represents the chloroplast genome. Pink
connecting ribbons indicate homologous fragments (MTPTs) detected between the two organelle
genomes based on BLASTN similarity. A total of six homologous fragments were identified with a
combined length of 725 bp (0.24% of the mitogenome), and the longest fragment was MTPT6 (294 bp).
Annotation of the MTPT regions identified five complete tRNAgenes: trnD-GUC, trnH-GUG, trnM-CAU, trnN-
GUU, and trnW-CCA.
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Figure 5

Phylogenetic placement and synteny comparison of the Medicago sativa cv. AH mitogenome. A
Maximum-likelihood phylogenetic tree inferred from concatenated amino acid sequences of 23
conserved mitochondrial PCGs: atp1, atp4, atp6, atp8, ccmB, ccmC, ccmFC, ccmFN, cox1, cox2, cox3,
nad1, nad2, nad4, nad5, nad6, nad7, nad9, rpl5, rpl16, rps3, rps 14, and sdh4 (see Table Sx for taxa and
gene list). The mitogenome obtained in this study is highlighted in red. Numbers at nodes indicate
branch support values. B Synteny comparison among Medicago mitogenomes visualized as collinear
blocks connected by ribbons. Horizontal bars represent mitogenome assemblies of M. sativa subsp.
falcata (PV916043.7), M. sativa cv. AH (this study), M. sativa (NC_068105.7), and Medicago
polymorpha(MW971561.17). Ribbons indicate homologous regions identified by sequence similarity;
crossing ribbons and changes in block order/orientation indicate rearrangements among mitogenomes.
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Figure 6

Landscape and experimental validation of RNA editing events in the mitochondrial PCGs of Medicago
sativa. A RT-PCR amplification of three loci containing representative predicted RNA editing sites in
nad4L, atp4and ccmFN using gDNA and cDNA templates. Lane M, DNA size marker; expected amplicon
sizes are 282 bp (nad4L), 564 bp (atp4), and 577 bp (ccmFN). B Sanger sequencing chromatograms
comparing gDNA and cDNA amplicons. Dashed boxes indicate edited cytidines detected as C peaks in
gDNA and corresponding T peaks in cDNA, consistent with C-to-U RNA editing. Validated sites include
nad4L-2, atp4-35, and two sites in ccmFN(base positions 251 and 259). Genomic coordinates are
indicated below each panel (nad4L: 79833; atp4: 79285; ccmFN: 163244 and 163252; 1-based
coordinates). C Distribution of amino-acid outcomes caused by predicted RNA editing sites (n = 468).
Numbers above bars indicate counts of each amino-acid change type. D Number of predicted RNA
editing sites in each mitochondrial PCG. All predicted sites and their annotations (gene, base position,
codon change, amino-acid change, and probability) are provided in.
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