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Summary
 Synonymous substitution rates in plant mitochondrial genomes vary by orders of 

magnitude among species, whereas synonymous rates among genes within a 

genome are generally consistent. Exceptionally, genes within the Ajuga reptans 

(Lamiaceae) mitochondrial genome exhibit unprecedented intragenomic 

heterogeneity in synonymous sequence divergence, but the biological mechanisms 

underlying this rate variation remain unclear. 

 We tracked the origin and evolutionary trajectory of mitochondrial rate variations by 

dense sampling in Ajugoideae and found differences in the timing and magnitude of 

rate acceleration for particular genes. 

 The most divergent genes accelerated earlier, retained a high rate across Ajugoideae 

and are generally devoid of RNA editing, whereas moderately diverged genes 

accelerated later and retained relatively higher RNA editing frequency. 

 The acceleration of mutation rates correlates with increased GC content, suggesting a 

key role for GC-biased gene conversion and/or repair after the breakage of ancestral 

gene clusters.
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INTRODUCTION
The synonymous substitution rate in plant mitochondrial genomes (mitogenomes) is 

generally very low (Wolfe et al., 1987), although it can vary substantially among major 

taxonomic groups (Mower et al., 2007). Such large rate variation is due primarily to 

convergent rate accelerations in several lineages, including Plantago (Cho et al., 2004), 

Silene (Sloan et al., 2009; 2012), and Pelargonium (Parkinson et al., 2005), that are likely 

caused by genome-wide increases in the mitochondrial mutation rate. 

Curiously, some plants also exhibit surprising amounts of synonymous rate variation 

among genes within the mitogenome (Barr et al., 2007; Mower et al., 2007; Sloan et al., 

2009; Zhu et al., 2014). Intragenomic synonymous rates vary by up to 40 fold in Silene 

(Sloan et al., 2009; 2012) and 340 fold in Ajuga reptans (Zhu et al., 2014). The underlying 

reason for this intragenomic variation is unclear, with suggestions including balancing 

selection that maintains ancient polymorphisms (Touzet & Delph, 2009); localized 

hypermutation due to frequent repair of double-strand break hotspots (Magee et al., 2010); 

mutagenic retroprocessing, which could entail repair, retrotransposition, or gene 

conversion using RNA or reverse-transcribed templates that carry RNA-polymerase 

and/or reverse-transcriptase errors (Parkinson et al., 2005; Zhu et al., 2014); and episodic 

hosting of mitochondrial genes within high-mutation-rate mitochondrial plasmids (Warren 

et al., 2016). To examine the evolution and potential underlying mechanisms of 

intragenomic synonymous rate variation in the A. reptans mitogenome (Zhu et al., 2014), 

we sampled seven Ajuga species (out of 40-50 species) and 11 relatives, totally 

representing 9 of 23 Ajugoideae genera spanning the four main clades (Xiang et al., 2018). 

We also sampled four additional Lamiaceae species as outgroups for comparisons 

(Supplementary Table S1).
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DNA sequencing, genome assembly and annotation

Total genomic DNA of 17 Ajugoideae species and four outgroups were isolated by using 

the CTAB protocol (Doyle, 1987). To generate mitochondrial and chloroplast assemblies, 

a 270 bp insertion library was constructed for each species and sequenced using Illumina 

technology, generating 3.2-23.0 Gb paired-end reads of 150 or 143 bp in length 

(Supplementary Table S1). Raw DNA-seq data for Pseudocaryopteris paniculata was 

obtained from NCBI under accession number SRR7121884. All the Illumina data were 

assembled by Velvet version 1.2.10 (Zerbino & Birney, 2008) using pairwise combinations 

of a series of kmer values (71, 81, 91, 101) and expected coverages (50, 100, 200, 500, 

800) as described previously (Guo et al., 2016). Mitochondrial contigs were firstly selected 

based on homology to a full complement of 41 Liriodendron mitochondrial protein genes 

present in the ancestral angiosperm mitochondrial genome (Richardson et al., 2013). 

Additional mitochondrial contigs lacking any protein genes were selected from the most 

continuous assembly based on distinct kmer coverage and mitochondrial GC content as 

described previously (Guo et al., 2020). Nanopore data were further generated for Ajuga 

ciliata and Rotheca serrata, assembled by NextDenovo v2.2 

(https://github.com/Nextomics/NextDenovo) with default parameters, and polished by 

pilon v1.23 (Walker et al., 2014). Complete mitogenomes were achieved by filling gaps 

with the nanopore-based assembly. All taxon sampling and data information are listed in 

Supplementary Table S1 and mitogenome assemble statistics were summarized in 

Supplementary Table S2. Annotated mitochondrial assemblies were deposited in 

Genbank under accession numbers: MT075725-MT075727, MT277151-MT277329. 

Complete plastomes were also generated by overlapping three best assemblies and 

annotated by homology to A. retpans plastid genes (Zhu et al., 2014). Annotated 

plastomes were deposited in GenBank under accessions MN814851-MN814872.
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Transcriptomes and identification of editing sites

Total RNA from A. ciliata and R. serrata leaf tissues were used to construct RNAseq 

libraries following manufacturer instructions and sequenced with the Illumina HiSeq 

platform. RNAseq data for Tectona grandis were retrieved from NCBI (SRR2080153, 

SRR2080154, SRR2080155, and SRR5150722). Raw RNAseq data were filtered with 

fastp (Chen et al., 2018), and then aligned to the mitogenome assemblies using Hisat2 

version 2.1.0 (Kim et al., 2019). Editing sites were identified using VarScan v2.3.9 (Wang 

et al., 2010) as described previously (Fan et al., 2019). 

Relative and absolute rate of sequence divergence

Phylogenetic relationship among sampled taxa was estimated using RAxML v8.2.12 with 

the GTRGAMMAI substitution model (Stamatakis, 2014), based on a concatenated data 

matrix of 76 plastid protein genes. Synonymous (dS) and nonsynonymous (dN) divergence 

of mitochondrial genes were calculated using HyPhy v2.2.4 (Pond et al., 2005) with the 

MG94xHKY85 codon model and a topology constrained to the plastid best-scoring 

maximum likelihood tree, as performed previously (Zhu et al., 2014). Divergence times of 

main lineages within Ajugoideae were estimated using BEAST v2.5.2 with a strict clock, 

the GTR+I+G substitution model, a calibrated Yule tree prior (Bouckaert et al., 2014), and 

then calibrated with a diversification time (~30.1 Ma) between Lamiaceae and 

Phrymaceae (Li et al., 2019). Absolute rates of synonymous substitutions (RS) were 

calculated by dividing dS by the elapsed time on specific branch as described previously 

(Mower et al., 2007). Maximum likelihood trees were estimated for three mitochondrial 

genes (atp9, rps3, rps12) individually using the same model for topology comparisons.

Correlation analysis of GC content and dS
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GC content was calculated using a custom perl script. The correlation between GC3 and 

dS was measured by Spearman’s Rank Correlation Coefficient using cor.test function in R, 

and plotted with ggplot2 (Wickham, 2016). 

Co-transcription of cluster genes

To verify strand-specific co-transcription of cluster genes, total RNA samples of A. ciliata 

and R. serrata were treated with DNase and used for RT-PCR analysis using PrimeScript 

One Step RT-PCR Kit (Takara). PCR primers were collected in Supplementary Table S3.

Plasmid genes

DNA polymerase (DPO) and RNA polymerase (RPO) gene sequences were annotated by 

TBLASTN searches (e-value<1e-10) using A. reptans DPO and RPO genes as queries.

RESULTS
Evolutionary Dynamics of Mitogenomic Features in Ajugoideae

Two complete and 20 draft mitogenomes were assembled for all the sampled taxa 

(Supplementary Table S2). The Ajuga ciliata mitogenome contains two circular 

chromosomes of 78,009 bp and 287,405 bp and the Rotheca serrata mitogenome was 

assembled into one ring, with a genome size of 482,114 bp (Supplementary Fig. S1). The 

remaining species have 5-22 mitochondrial contigs and the estimated genome sizes vary 

approximate two-fold, ranging from ~350 kb in Ajuga campylantha and two outgroups 

(Phlomis alpina and Scutellaria amoena) to >730 kb in Schnabelia oligophylla 

(Supplementary Table S2; Supplementary Fig. S2). A total of 31–34 mitochondrial 

protein-coding genes are commonly present in the outgroups and R. serrata, which 

represents the sister clade to all other Ajugoideae, whereas gene content is reduced for 

remaining Ajugoideae species (hereafter core Ajugoideae) due to the pseudogenization or 

loss of most ribosomal protein genes and sdh4 (Fig. 1). Intron content is also variable 

within Lamiaceae (Fig. 1). The core Ajugoideae species lack rps3-i1 and rps10-i1, and A
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cox2-i2 is lost specifically from Ajuga. The mobile cox1-i1 intron is particularly variable 

among Lamiaceae, consistent with its patchy distribution in other angiosperms 

(Sanchez-Puerta et al., 2008; 2011). In contrast, genome-wide GC content is generally 

stable, in a range of 43-47% (Supplementary Table S2).

Multistaged Acceleration of Synonymous Substitution Rates among Mitochondrial 

Genes in Ajugoideae

These mitogenomic data enabled us to investigate the tempo and mode of substitution 

rate acceleration across Ajugoideae. 22 complete plastomes were generated and used to 

estimate phylogenetic relationships among Ajugoideae (Supplementary Fig. S3). Using a 

concatenated plastid gene data set, nucleotide sequence divergence is elevated, more so 

at mitochondrial synonymous sites (dS) than at nonsynonymous sites (dN), in most 

Ajugoideae species (Supplementary Fig. S4). However, individual genes show substantial 

variation in dS among species, with increases occurring at various phylogenetic depths for 

different genes (Fig. 2; Supplementary Fig. S5). The earliest acceleration involved the 

three fastest-evolving genes (atp9, rps3, and rps12) and affected the core Ajugoideae 

species to varying degrees, which most likely to be vertically inherited (Supplementary Fig. 

S5; S6). Several other genes have increased dS specifically in Ajuga (ccmC, cob, cox2, 

and cox3) or in Ajuga + [(Caryopteris + Amethystea) + Pseudocaryopteris] clade (atp1, 

atp4, atp6, and atp8). Minor elevations of dS are also found in the 

Teucrium-Kinostemon-Schnabelia clade for many genes. Importantly, the accumulation of 

sequence divergence is not uniform among Ajugoideae species, suggesting multiple 

increases and subsequent decreases in evolutionary rate. In contrast, conventionally low 

levels of plant mitochondrial dS exist in core Ajugoideae (relative to the outgroups) for all 

nad genes and several others (e.g., ccmB, ccmFc, ccmFn, matR, mttB, and rpl10).
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To investigate the diversity of evolutionary rate increases, we estimated divergence times 

for representative species (Supplementary Fig. S7) and calculated absolute synonymous 

substitution rates (RS) for individual protein-coding genes (Fig. 2B). In Ajuga, RS is 

extremely high for rps12 and rps3, at 21.9 and 16.8 substitutions per site per billion years 

(SSB), respectively. RS for atp9 is high (7.1–15.9 SSB) for most Ajugoideae, but low 

(0-0.83 SSB) for Rotheca and Caryopteris. Generally, RS values for most moderately 

accelerated genes are higher in Ajuga (although not to the extent of the fastest-evolved 

genes) relative to other species (Fig. 2B). 

Genetic Factors Underlying the Heterogenous Timing of Rate Acceleration

The multistaged and punctuated acceleration of synonymous substitution rates among 

mitochondrial genes raises an important question about evolutionary mechanisms 

promoting such pronounced intragenomic rate heterogeneity. To evaluate support for 

various previously proposed hypotheses, we looked for potential correlations between 

substitution rate and genome structure changes, nucleotide composition shifts, frequency 

of RNA editing, and the presence/absence of mitochondrial plasmid remnants. 

Many (8 out of 12) of the fast evolved genes in Ajugoideae can be found in a gene cluster, 

enabling us to track the potential role of genomic mutational hotspots (Fig. 3A). Most of 

the currently adjacent genes (atp4-cox3, rps3-rps12 and rps12-atp9) found in Ajuga or its 

sister lineage were newly formed within Ajugoideae. The formation of these newly 

clustered genes was preceded by disruption of ancestrally conserved gene clusters. 

Intriguingly, the breakage of ancestral clusters rps4-rps3-rps16, nad3-rps12 and 

atp8-cox3 coincides with the timing of the initiation of substitution rate accelerations. 

RT-PCR analysis indicated some conserved clustered genes are co-transcribed as 

strand-specific operons (Fig. 3B). 
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Because recombination and gene conversion can be biased toward GC (Arbeithuber et al., 

2015; Ellegren & Galtier, 2016), we looked for changes in GC composition among 28 

shared protein-coding genes, specifically at third codon positions (GC3) to minimize the 

effect of selection at the protein level. GC3 levels were elevated for almost all fast-evolved 

genes in Ajuga (Fig. 3C; Supplementary Fig. S8). The median GC3 value of fast-evolved 

genes in Ajuga increased to 48.5%, significantly (p<0.01) higher than that of other Ajuga 

genes (35.0%) or genes in Rotheca (35.6%). Furthermore, the elevated GC3 content was 

significantly (p<0.01) correlated with increased dS (Fig. 3D).

Transcription-mediated processes, such as transcript-coupled repair and  

retroprocessing, are potentially mutagenic due to high error rates of RNA polymerase and 

reverse-transcriptases (Parkinson et al., 2005; Zhu et al., 2014), and they should also 

promote losses of RNA editing sites via cytosine to thymine mutations at the DNA level 

(Mower et al., 2007; Ran et al., 2010; Sloan & Taylor, 2010; Zhu et al., 2014). Consistently, 

the fastest evolving Ajuga genes (atp9, rps3, and rps12) have lost all ancestral RNA 

editing sites mostly by C to T substitutions at the DNA level (Fig. 3E; Supplementary Fig. 

S9). In contrast, more recently and moderately accelerated genes only have slightly 

reduced editing frequency in Ajuga relative to the outgroups, Rotheca and Tectona. 

Since bidirectional transfers of genes between the mitochondrial genome and 

mitochondrial plasmids, which are often independently-replicated by encoding DNA 

polymerase (DPO) and RNA polymerase (RPO) genes, would potentially cause 

gene-specific rate accelerations (Handa, 2008; Warren et al., 2016), we examined the 

frequency and distribution of identifiable mitochondrial plasmid insertions in all sampled 

Lamiaceae species (Supplementary Table S4). Consistent with their widespread presence 

in angiosperm mitogenomes, 1–2 copies of DPO and/or RPO gene sequences were 

identified for at least 19 sampled species. Full-length insertions were also found for both A
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Ajugoideae species (four genera including Rotheca) and other Lamiaceae species (three 

genera), but they are generally unlinked with fast-evolved mitochondrial protein-coding 

genes (Supplementary Table S4).

DISCUSSION
In this study, we investigated the evolutionary paths to the unprecedented intragenomic 

synonymous rate heterogeneity that was previously described for the A. reptans 

mitogenome (Zhu et al., 2014). To our knowledge, this exceptional amount of rate 

variations (up to ~340 fold) between genes in the same genome has been rarely reported 

for any genomes sequenced so far, raising an intriguing question of to what extent and by 

what processes this diversity arises and promotes over time. With an additional sampling 

of 22 closely related species in Ajugoideae and other Lamiaceae subfamilies, we found 

that the extreme intragenomic synonymous rate heterogeneity appears to be the result of 

multiple rounds of substitution rate accelerations for a subset of mitochondrial genes at 

different phylogenetic depths (Fig. 1). The asynchronous rate accelerations and potential 

rate decelerations provide intriguing evidence of episodic sequence evolution that 

differentially affects specific genes and lineages over time.

Given that changes in dS at any phylogenetic time are much pronounced than that of dN as 

well as similar effective population size for mitochondrial intragenomic genes, one would 

expect that variations in localized mutation rates could be a primary force for such marked 

synonymous divergence in core Ajugoideae. Consistent with this expectation, 

reconstruction of the evolutionary history of gene clusters likely suggests the increased 

microstructural rearrangements and gene losses occurring at genomic regions close to 

the fast-evolved genes (Fig. 3A). Frequent DNA breaks accompanied with the losses of 

neighboring genes have been reported in legume chloroplast genomes (Magee et al., 

2010). A
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The repair of DNA breaks, however, is complicated, probably mediated by recombination 

and/or gene conversion with RNA/DNA templates. One possibility is mutagenic repair via 

mRNA-mediated recombination, such as retroprocessing (Parkinson et al., 2005). Given 

that contrasting RNA editing patterns were observed for fastest and 

moderately-accelerated genes, these processes could mainly affect the earlier rate 

acceleration. This also raises an important question of how gene expression levels could 

affect the frequency of retroprocessing. For the earliest accelerated genes, atp9 has the 

highest expression level among the mitochondrial genes (data not shown). However, this 

pattern does not apply for the other two fastest-evolved genes (rps3 and rps12), which 

have the expression levels slightly lower than the median values of all mitochondrial 

genes. One possibility is our expression results were estimated from regular RNAseq 

libraries, which generally capture mature transcripts with poly(A) tails. In plant 

mitochondria, mRNAs generally do not have poly (A) tails, excepting as signals for 

degradation. To resolve this caveat, further efforts are needed to accurately measure the 

nascent and stable mRNA in mitochondria using non-poly(A) enriched transcriptome 

sequencing.

DNA breaks could also result in localized mutational hot-spots, facilitating gene 

conversion with a retroprocessed or even plasmid-transferred copy (Bowe & dePamphilis, 

1996). However, the effects of these evolutionary processes are easily masked by rapid 

sequence divergence of duplicated genes and frequent intragenomic recombination. 

Whereas, mutational hot spots seem to be inconstant, consistent with the high 

recombination nature of plant mitochondrial genomes.

Factors impacting the progression of synonymous divergence could also be intrinsically 

tied with gradually increased GC3 content. It’s intriguing that genome-wide GC content is 

relatively constant (Supplementary Table S2). Moreover, we did not find evidence of A
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increased GC content in the first and second codons (data not shown), but to be at the 

less selectively-constrained third position of codons. High GC content in vascular plant 

mitochondrial genomes has mostly been reported for some lycopods (Smith, 2009), ferns 

(Guo et al., 2017) and some gymnosperms (Guo et al., 2016), while angiosperms are 

generally AT-rich. Evidence of variations of GC content among genes, however, is rare. 

Why this angiosperm lineage increases its GC3 content in fast-evolved genes? Previous 

study in the GC-rich Polytomella capuana (green algae) mitochondrial genome indicated 

biased gene conversion could result in an increased GC content in the mtDNA, particularly 

at the most neutrally evolving positions such as intergenic regions and the third position of 

codons (Smith & Lee, 2008). If this mechanism would also apply for angiosperm 

mitochondrial genome, an elevated GC3 content in fast-evolved genes is most likely 

driven by GC-biased gene conversion. While it is unnecessary that GC biased gene 

conversion has a fitness effect on nucleotide composition, we cannot fully rule out the 

possibility of the elevation of GC3 can affect selection on codon usage. Given that the 

general weak selection on synonymous sites, it’s hard to imagine that the adaptive effect 

can achieve such remarkable synonymous divergence. Moreover, examining the 200 bp 

untranslated regions indicated that most, if not all, of the intergenic regions of fast-evolved 

genes are highly divergent, suggesting a high recombination rates and/or mutation rates 

surrounding these genes. This probably calls for further efforts of combining sequence 

divergence and polymorphism data to disentangle the extent of the evolutionary forces.
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FIGURE LEGENDS

Fig. 1. Mitochondrial gene and intron content in Ajugoideae and other Lamiaceae 

species. 24 shared mitochondrial genes are atp1, atp4, atp6, atp8, atp9, ccmB, ccmC, 

ccmFc, ccmFn, cob, cox1, cox2, cox3, matR, mttB, nad1, nad2, nad3, nad4, nad4L, nad5, 

nad6, nad7, nad9. 13 cis-spliced introns include: ccmFc-i1, nad1-i2, nad2-i1, nad2-i3, 

nad2-i4, nad4-i1, nad4-i2, nad4-i3, nad5-i1, nad5-i4, nad7-i1, nad7-i2, and nad7-i4. Six 

trans-spliced introns include: nad1-i1, nad1-i3, nad1-i4, nad2-i2, nad5-i2, and nad5-i3. 

Symbols are shown as *: Ajuga reptans gene content is summarized from our previous 

study (NC_023103); ●: gene or cis-spliced intron present; Ө: trans-spliced intron present; 

Ψ: pseudogene present; ○: gene absent; ×: intron absent due to gene loss. The core 

Ajugoideae species were labelled in grey.

Fig. 2. Relative and absolute synonymous substitution rate variation of 

mitochondrial protein-coding genes in Ajugoideae. (A) Mitochondrial phylograms of 

synonymous divergences for four individual genes, showing either with a typical low rate 

(nad2) or the rate acceleration in different phylogenetic depths (atp6, ccmC, and rps12 

with bold line). All trees are drawn in the same scale. Subs/syn sites: substitutions per 

synonymous sites. (B) Heatmap of absolute synonymous substitution rates for each 

mitochondrial protein-coding gene. Low rates are shown in grey and high rates in red. 

SSB: substitutions per site per billion years.
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Fig. 3. Evolution of gene clusters, GC3 content and RNA editing levels in 

Ajugoideae. (A) Evolution of gene clusters in Ajugoideae and other Lamiaceae species. 

Adjacent genes are shown in grey and breakage of gene clusters are in white. (B) 

RT-PCR experiments verify co-expression of clustered genes. M, marker; 1, atp8-cox3 

(Rotheca), 2, rps3-rpl16 (Rotheca), 3, nad3-rps12 (Rotheca), 4, atp4-cox3 (Ajuga), 5, 

atp8-rps13 (Ajuga). (C) The elevated GC3 content in most fast-evolved genes. Boxplots 

show the median (horizontal line), interquartile range (box) and outliers (point) of the GC3 

content of genes with high rate (dS>0.15) and with low rate (dS≤0.15) in Ajuga and in 

Rotheca. **: p<0.01 by t tests. (D) Correlation analysis of GC3 content and synonymous 

divergence. Genes with high rate (dS>0.15) are shown in red and genes with low rate 

(dS≤0.15) are in steelblue. Dashed line represents regression analysis between Ajuga 

GC3 content and synonymous divergence after removing an outlier, matR. (E) RNA 

editing pattern for two fast-evolved genes (rps12 and cob) in Ajuga and in Rotheca. Each 

vertical line above the white frame represents an editing site. The nucleotide states of the 

lost ancestral editing sites are shown in Ajuga. #: a possible newly-gained editing site.

SUPPLEMENTARY INFORMATION

Table S1. Sampling and sequencing data information

Table S2. Assembly statistics of mitogenomes 

Table S3. RT-PCR primers for co-transcribed genes

Table S4. The presence and distribution of DPO and RPO gene sequences in sampled 

Lamiaceae mitogenomes

Fig. S1. Mitogenome maps of A. ciliata and R. serrata. Genome coverage was plotted 

below each chromosome. *: Intron-containing genes. Red lines indicate base variants.
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Fig. S2. The selection of mitochondrial contigs based on gene annotation, GC content and 

kmer values. Red triangle: mitochondrial contigs with genes; red square: mitochondrial 

contigs without genes. Contigs>800 bp were kept and plotted.

Fig. S3. Phylogenetic relationship estimated from a concatenated plastid gene data set.

Fig. S4. dS (left) and dN (right) trees of the concatenated data of 28 combined 

mitochondrial protein-coding genes.

Fig. S5. dS trees of individual mitochondrial protein-coding genes.

Fig. S6. Maximum likelihood trees of atp9, rps3 and rps12 genes. Bootstrap values are 

shown next to the internal nodes.

Fig. S7. Divergence times of main Ajugoideae lineages. Divergence times are plotted 

above each branch of the chronogram. mya: million years ago.

Fig. S8. Heatmap of GC3 content in Ajugoideae and other Lamiaceae species. Shown is 

z-score transformed GC values. Low GC content is in yellow and high GC content is in 

blue. 

Fig. S9. RNA editing patterns in Ajuga, Rotheca and Tectona.
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Fig. 1. Mitochondrial gene and intron content in Ajugoideae and other Lamiaceae species. 
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Fig. 2. Relative and absolute synonymous substitution rate variation of mitochondrial protein-coding 

genes in Ajugoideae.
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Fig. 3. Evolution of gene clusters, GC3 content and RNA editing levels in Ajugoideae. 
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